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Resumo

Nosultimos anos tem-se assistido a um crescente interesse no estudo déedtecafor-
macionais e agregag de proteas. Este facto deve-se essencialmente ao aparecimento
de um grandeimero de amiloidoses geticas e espadicas, e ao surto da encefalopatia
espongiforme bovina, doenca infecciosa associada a d@tgapnformacionais. Estas
doencas &0 caracterizadas por uma altéragstrutural da forma nativa das piotes
(geralmente enw-hélice ou alediria) para a forma de agregados (fibras de @iohd).

O mecanismo pelo qual as prbtas na sua forma nativa se transformam em agrega-
dos patobgicos o esh ainda completamente esclarecido. No entanto, 0 aumento da
concentrago de proteanas a iivel fisiolégico podea estar na base da sua agrégee, con-
sequentemente, a causa destas doencas ggtssivelmente relacionada com cobeig

que favorecem esse aumenibde salientar que, tendo em conta a elevada estabilida-
de dos agregados, o tratamento destas doencasade&sar pela inibdp de alterages
conformacionais e agregag de protmas.

Neste trabalho caracterizaram-se as intéiasge dois pepteos, B18 g3-amildide,
com supefities poliméricas hidroflicas e hidrobbicas. Procedeu-se taér ao estudo
conformacional de ambos os pejgos quando em presenca de diferenteoubas de
tensioactivos e de nano-parlas. O peptdeo B18€é derivado da protea resporével
pela fecunda@o no ourigo do mar. Por sua vez, o pdpb3-amildide deriva da proiea
precursora da andilde por clivagem enziética, e constitui 0 componente principal das
placas senis que caracterizam a doenca de Alzheimer. Ambos tdgoesgbossuem uma
elevada tenéincia para agregar em fibras de dndié.

O grau de adsor@p dos peptieos B18 g8-amildbide em diversas supéefes foi estu-
dado porécnicas de refléo de raios-X e neuies e por microscopia de for¢caatica. A
afinidade dos pefiteos para determinadas sufeés pode ser respaiel pelo aumento
da sua concentrag local, que resultarposteriormente na sua agregacOs resultados
demonstraram que os péfos B18 g3-amildide adsorvem a supéfes hidrobbicas
e a polmeros hidrailicos de carga oposta sua carga total. Ambos os pielgtos apre-
sentaram maior afinidade para supsels hidrobbicas, as quais podir constituir uma
potencial localizago para a sua acumubag e agregao em fibras de andilde.

A interac@o dos peptleos B18 g3-amildide com os diversos tensioactivos foi carac-
terizada por espectroscopia de dismo circular. Ambos os pdpieos possuem inicial-



mente, em SOl aquosa, uma estrutura afgé. O pepideo B18 adoptou uma estru-
tura ema-hélice na presenca de momeros e de micelas de tensioactivosaritios e
anibnicos. Os mobmeros de tensioactivosia ibnicos rao tiveram qualquer infencia

na estrutura do pejoieo, enquanto que as suas micelas induziram uma estrutuoa em
hélice. O pepddeo 3-amildide adquiriu uma estrutura emthélice apenas em presenca
de micelas de tensioactivos @aticos e arbnicos. Em solu@es de micelasdo ibnicas,

o peptdeo adoptou uma conforntag em folhaB. Observou-se que as micelas do surfac-
tante anbnico e perfluorado foram as mais eficazes a induzir a estruturele@lice em
ambos os pejdeos.

Sabe-se quélcoois fluorados, como o trifluoretanol, e micelasicas 8o capazes de
induzir, a pH 7.4, uma estrutura emthélice em peptleos amiloidognicos. Com base
neste facto, foram sintetizados pokros com modmeros catinicos e artinicos alter-
nados que foram posteriormente complexados aomio dodecaico ouacido perfluo-
rododecahico, originando nano-padulas coloidais com um @dmetro de 4 nm. Estas
nano-paficulas possuem umicleo hidrobbico e uma supeidie hidroflica. As cadeias
hidrocarbonadas ou fluoradas dos tensioactivos constituérdleahidrobbico, enquan-
to que a supettie hidrofilica & formada pelo p@inero. Os estudos de espectroscopia de
dicroismo circular mostraram que as nano-jgatas fluoradas induzem uma estrutura em
o-hélice em ambos os pégeos B18 g3-amilbide. Por sua vez, os almgos hidrocarbo-
nados 80 menos eficientes, visto que, na maioria dos casos, conduzifama@o de
estrutura em folhg ou & agregago dos peptieos. Uma vez que a estrutura enélice
€ uma estrutura mondrica e estvel, as nano-pddulas fluoradas constituem potenciais
agentes inibidores da agregacgproteica.



Résumeé

Les changements conformationnels et l&gation des préines sont actuellement I'objet
d’études intensives. Cet &t est principalement mo#vpar I'occurrence accrue d’amy-
loses @rétiques et sporadiques et par la manifestation de &ehalopathie spongiforme
bovine, une maladie infectieus@dia des transitions de conformation de pines. Ces
maladies sont caraatisees par une transition progressive desgnas cellulaires d’'une
structure originelle (structure erélice o ou akatoire) vers uretat agege, structure en
feuillets B (fibrilles amylddes). Les raisons conduisant les pioes normalea se trans-
former en agegats pathologiques sont peu claires. L'augmentation de la concentration
physiologique en préine pourraiétre la cause du processus deggtion in vivo. Etant
donrée la stabilié exceptionnelle de ces @&gpats, les stragies pour le traitement des ma-
ladies de changement conformationnel de @ra doivent impliquer la stabilisation des
précurseurs de fibrille, ou I'inhibition de I'aggation en feuillet commune aux fibrilles
amylddes.

Dans ce travail, I'interaction du B18 et du peptileamyldide avec des surfaces hy-
drophobes ou hydrophilesé&é caractrisge. En outre, la conformation des peptides en
présence d’amphiphiles et de nanoparticules nouvellementésysths ete determirée.

Le peptide B18 est unéeguence de la preine, bindin“ de I'oursin de mer, qui est une
proteine impliguee dans le processus debndation.

Le peptidef-amyldde sulte du clivage préblytique de la prd@ine transmembra-
naire pecurseur d’amylile, et est le composant principal des plaques neuronales ob-
senées dans le cas de la maladie d’Alzheimer. Les deux peptides montrent une propensi-
on éleveea 'agrégation eta la formation de fibrilles amylides.

L'adsorption du B18 et du peptidB-amyldde aéte étudé par des technigues de
réflectongétrie et de microscopia force atomique. L'affiné des peptides pour des sur-
faces peuétre une cause de I'augmentation de la concentration locale en peptide qui con-
duiraa I'agregation. Le B18 et le peptid@-amyldide se sont adsogls peferentiellement
sur des surfaces hydrophobes et sur des films de chargeésapdes charge nette des
peptides. Les peptides ont mantine affinié plusélevee pour les surfaces hydrophobes
qui pourraient constituer un lieu approppour I'accumulation de peptide et la formation
de fibrille.

Les interactions du B18 et du peptifieamyldide avec des tensioactifs non ioniques,



cationigues ou anioniques, comportant dans ce dernier cas deestydrogrées ou
perfluoges, onete caradtrisces par dichfisme circulaire. Une transition d’une confor-
mation akatoire vers une structure eglite @ a étt obseree pour le peptide B18 en
présence d'amphiphiles chasga I'état de monomres ou organés en micelles. Les mi-
celles non ioniques induisent une structuedidoidale dans le peptide mais aucune influ-
ence n'aéte obseree dans le cas des moneres. Le peptidg-amyldde a adog une
structure en élice o seulement en @sence de micelles ch&es. Dans une solution de
micelles non ioniques, le peptide a ma@tme structure en feuillgt. Les micelles anio-
niques comportant des dnas perfluckes se sont &€es les plus efficaces pour induire
une structure enélice a.

Partant du fait que les alcools fl@srtels que le trifluor@thanol et que les micelles ioni-
gues, peuveng pH physiologique 7.4, conduigeune structure erétice o (pour ces pep-
tides susceptibles de former des fibrilles), des @l@lgtrolytes comportant alternativement
des motifs cationiques et anioniques ét#t complexs avec de I'acide détandque ou
perfluorodo@&candque. Ceci a conduié la formation de nanoparticules ayant un ciéara
hydrodynamique de 4 nm, consties d’un cur hydrophobe (foérpar les chimes des
tensioactifs) et d’'une surface hydrophile ctegglLes nanoparticules flues induisent
les structures riches erelice o pour le B18 et le peptidg-amyldide, tandis que leurs
analogues hydragees se sont &€és moins efficaces, conduisant dans la plupart des cas
a la formation de feuillet$ ou d’agégats, ce qui &t determiré par dichrisme circu-
laire. Les nanopatrticules fluees peuvenigtre des candidats potentiels pour I'inhibition
des changements conformationnels meriatd formation de fibrilles amyides. Elles
pourraientttre particulerement efficaces dans le cas de girtgsa conformation initiale
aléatoire en induisant une structure éite o, un état non agege et stable.
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Abstract

Protein misfolding and aggregation are currently being subject of intensive studies. This
interest is mainly motivated by the sharp increase in the occurrence of genetic and spo-
radic amyloidosis and the outbreak of the bovine spongiform encephalopathy, an infec-
tious protein-misfolding disease. These diseases are characterized by a progressive tran-
sition from correctly folded proteins (usually a-helix or random coil structure) into an
aggregated state rich j-sheet structure (amyloid fibrils). The reasons for the conver-
sion of normal proteins into pathological aggregates are still not completely understood.
However, it is known that the increase of physiological protein concentration underlies the
in vivo aggregation process. Moreover, strategies for the treatment of protein misfolding
diseases must involve either stabilization of the fibril precursors, or inhibition of aggrega-
tion into the crosg8 core structure, common to amyloid fibrils, in view of the exceptional
stability of the aggregates.

In this work the interaction of B18 and amylofitpeptide with modified surfaces was
characterized. In addition, the conformation of the two peptides in the presence of am-
phiphiles and in the presence of newly synthesized nanoparticles was determined. B18
peptide is a sequence of the sea urchin protein bindin, which is a protein involved in the
fertilization process. Amyloig-peptide results from the proteolytic cleavage of the trans-
membranar amyloid precursor protein, and is the main constituent of the neuritic plaques
found in Alzheimer’s disease. Both peptides show high propensity for aggregation in
amyloid fibrils.

The degree of adsorption of B18 and amyl@icpeptide was studied by reflectometry
techniques and by atomic force microscopy. Strong peptide affinity for surfaces may
be a reason for the local increase in peptide concentration, leading then to aggregation.
B18 and amyloid3-peptide were found to adsorb on hydrophobic surfaces and on films
with charge opposite to that of the net peptide. The peptides showed higher affinity for
hydrophobic surfaces which constitute a potential location for peptide accumulation and
fibril formation.

The interaction of B18 and amylojdl-peptide with (i) nonionic, (ii) cationic and (iii)
anionic—hydrogenated and perfluorinated—amphiphiles was characterized by circular
dichroism spectroscopy. A transition from random coibttnelix structure was observed
for B18 in the presence of charged amphiphiles, in monomeric or micellar state. In the
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case of nonionic micelles a partial helical structure is induced in the peptide but no change
is observed when monomers are used. Regarding the anfidpéptide, only charged mi-
celles can induce am-helix structure. In nonionic micellar solution, the peptide exhibits

a 3-sheet structure.

The anionic perfluorinated micelles were the most efficieitelix inducing agents.
Moreover, knowing that fluorinated alcohols, such as trifluoroethanol, and ionic micelles
are able to inducex-helix structure in fibril-forming peptides, at physiological pH 7.4,
polyampholytes with alternating cationic and anionic monomers were complexed with
dodecanoic or perfluorododecanoic acid. This resulted in nanoparticles with hydrody-
namic diameters of 4 nm, consisting of a hydrophobic core (formed by the surfactant
chains) and a hydrophilic charged shell. The fluorinated nanoparticles indusbetix
rich structures in B18 and amyloptpeptide, whereas their hydrogenated analogues were
less efficient leading in most casegesheet formation or aggregation, as determined by
circular dichroism spectroscopy. Fluorinated nanoparticles are proposed to be potential
candidates for inhibition of protein conformational alterations that lead to amyloid fibril
formation. They could be particularly effective in the case of natively unfolded proteins
by inducinga-helix structure, a non-aggregated and stable state.
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1 Introduction

This thesis focuses on the structure of self-assembled peptides. The peptides that are con-
sidered, the B18 peptide and amyldiepeptide, show a strong tendency to self-assemble
into amyloid fibrils. Recently most attention has been focused on a group of diseases
where proteins form insoluble fibrils which accumulate in a variety of organs including
liver, spleen and brain [1, 2]. This group of diseases includes systemic amyloidosis and
many neurodegenerative diseases such as Parkinson and Alzheimer’s disease [1-3]. The
amyloid B-peptide is the subunit of amyloid fibrils of the neuritic plaques that pathologi-
cally characterize the Alzheimer’s disease [4].

Over 20 proteins and peptides, ranging from intact globular proteins to largely unstruc-
tured peptide molecules, are described to self-assemble into amyloidifibrils [1, 5].
Although the amyloid precursor proteins have very heterogeneous structures, the ultra-
structural morphology of all amyloid deposits is remarkably similar. The fibrils consist
of polypeptide chains organized in a unique crfissheet structure in which continuous
B-sheets are formed witfi-strands running perpendicular to the long axis of the fib-
rils [6]. Since the amyloid fibril structure is very much different from the native structure
of the proteins, the process of amyloid fibrillogenesis must involve a pronounced protein
refolding and highly ordered self-assembly into protofilaments.

The ability to form amyloid fibrils seems to be a generic property of the polypeptide
chain. Many other proteins that are not currently associated with diseases, such as mus-
cle myoglobin, as well as many fusion peptides are able to self-assemble into amyloid
fibrils. B18 peptide is the minimum membrane binding and fusogenic sequence of the
fertilization protein bindin found in sea urchin [7]. The peptide shows a strong tendency
to self-assemble into amylojé-structure at the membrane surface [8]. The propensity to
form amyloid fibrils under given circumstances can, however, vary markedly between dif-
ferent sequences. The relative aggregation rates for a wide range of peptides and proteins
correlate with the physicochemical features of the molecules such as charge, secondary
structure propensities and hydrophobicity [9]. In a globular protein the polypeptide main
chain and the hydrophobic side chains are largely buried within the folded structure. Only
when they are exposed, the conversion into amyloid fibrils will be possible.

In addition to the ability of self-assembly into amyloid fibrils, B18 and amylgid
peptide are related by the fact that both have fusogenic properties, both have three his-



1 Introduction

tidines and two hydrophobic clusters in their sequences and both are unstructured prior to
aggregation into fibrils [5, 7, 8, 10]. Hence they were chosen as models to study the ad-
sorption behavior and conformational changes of fibril-forming peptides in the presence
of surfaces, micelles and nanoparticles.

The precise reasons for protein misfolding and deposition and their relation with the
pathogenesis of the diseases are not known. The generic nature of amyloid formation
suggests that the basis of fibrillogenesis may be the presence of denaturing conditions tha
destabilize the native protein but non-covalent interactions remain favorable [9]. Condi-
tions such as low pH environments in endosomes associated with protein translocation
have been implicated in these diseases [11]. Moreover the majority of the mutations as-
sociated with the familial amyloid-related diseases destabilize the normal conformation,
and many give rise to intermediates prone to aggregation [12].

Aggregates in Alzheimer’s disease are associated with peptide fragments that result
from the processing or partial degradation of a precursor protein within the cellular envi-
ronment [4]. Such peptides are exposed in the cellular environment and their aggregation
might result from surface interaction. In addition fibrillization seems, uidgivo con-
ditions, to be highly concentration dependent [11]. The interaction with surfaces may
contribute to an increase in the local peptide concentration. This hypothesis is explored
in the fourth chapter in view of peptide adsorption behavior since their affinity for certain
surfaces may lead to an increase in the local peptide concentration which will then result
in its aggregation.

Another approach for understanding the mechanisms underlying amyloid fibrilloge-
nesis is to study the peptide conformation in the presence of amphiphiles. This is the
subject of the fifth chapter of this thesis. In this chapter the interaction of B18 and amy-
loid B-peptide with amphiphiles—monomers and micelles—is considered. Several amy-
loidogenic proteins and peptides including amyl@igheptide derive from transmembra-
nar proteins [4]. Others such as B18 peptide derive from proteins that are functional at
membrane surfaces [13]. Their amphipathic character makes them a target for membrane-
associated toxic events. In particular studies with the amyemptide have shown that
neuronal lipid membranes might be involved in its conversion into toxic oligomers [14].
This suggests that the interaction of amyloidogenic proteins with cellular membranes
might be involved in the onset and development of the protein misfolding diseases.

Many evidences support that accumulation of amyldigeptide represents an early
event of Alzheimer’s disease [15]. Familial mutations that lead to an increase in the amy-
loid B-peptide concentration or to its aggregation increase neuropathogenicity. In addi-
tion, the fibrillar and oligomeric form of the peptide are found to be toxic to cultured cells.
Hence therapeutic strategies that can decrease the accumulation of misfolded proteins
might prove to be useful in treating or preventing more than one of the diseases associated
with protein misfolding. Stabilization of the protein native state or inhibiting monomer-



monomer binding are particularly attractive strategies, considering the emerging evidence
that small misfolded oligomers are neurotoxic [2]. With this perspective, colloidal nano-
structures of charged polyampholytes and fluorinated amphiphiles were engineered. This
constitutes the subject of the sixth chapter. The influence of fluorinated and corresponding
hydrogenated nanopatrticles on the peptide structure is considered. Based on the fact that
fluorinated alcohols and negatively charged micelles made of sodium dodecyl sulphate
induce a-helix conformation in fibril-forming peptides, complexes of polyelectrolytes
and perfluorododecanoic acid were prepared. Combining polyelectrolytes with surfactant
chains, highly charged particles are expected to be formed, which might enhance the he-
lix inducing effect. Additionally it is possible that the critical aggregation concentration
will be quite low, which is important when considering the possible toxicity of micelle
structures. The characterization of the nanoparticles and their influence on the structure
of B18 and amyloig3-peptide will be described.

The two chapters following this introduction yield an overview of protein folding and
misfolding, and their relation to diseases and the main methods used in the present work.
The last chapter summarizes the main conclusions of this thesis.






2 Folding and Self-Assembly of Peptides
and Proteins

The formation of protein aggregates is observed in several diseases. A protein aggregates
as a consequence of an aberrant folding or an alteration of its native structure. Misfolded
or aggregated proteins may be related to diseases by either the absence of biological activ-
ity or by a gain of toxic activity. Therefore understanding the misfolding and aggregation
mechanisms is essential for developing therapeutic strategies for diseases associated with
protein deposition. Inhibiting the formation of protein aggregates may be of major impor-
tance for treating these diseases.

2.1 Protein Folding

The biological function of a protein depends on its three-dimensional structure (tertiary
structure) which is determined by its amino acid sequence (primary structure) and the
cellular environment surrounding the polypeptide chain [16]. Proteins have a unique se-
guence that results from a combination of the 20 natural amino acids (Table 2.1) [17].

Proteins are synthesized vivo as linear polypeptide chains, but they rapidly fold
into their final conformation. During folding adjacent amino acid residues in the lin-
ear sequence adopt regular structures (secondary structure). The tertiary structure is then
formed by packing secondary structural elements into one or several domains. Some pro-
teins contain several polypeptide chains arranged in a quaternary structure.

Even though the protein structure is encoded in the amino acid sequence, the mech-
anism of folding is not well understood. This is because there is a complex balance
between forces that stabilize and destabilize the formation of the three-dimensional pro-
tein structure. In biological cells, where most of the volume is occupied, the probability
of a protein to aggregate during folding is largely enhanced. Therefore, many newly
synthesized proteins require molecular chaperones to direct or facilitate the folding pro-
cess in the cell [18]. Only small proteins that fold rapidly do not require chaperones.
Molecular chaperones are specific proteins that interact with hydrophobic groups of par-
tially folded intermediates of target proteins. Their cellular functions include capturing
misfolded states and allow them to fold, protecting proteins from aggregation as a con-
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Code Name Side chain Character pK
A Alanine -CH Neutral
R Arginine -CHCH,CH,NHCNH,NH, - Basic 12.0
N Asparagine -CHCONH, Neutral
D Aspartic acid  -CHCOOH Acid 4.4
C Cysteine -CHSH Neutral 8.5
Q Glutamine CHCH,CONH, Neutral
E Glutamic acid -CHCH,COOH Acid 4.4
G Glycine -H Non-polar
H Histidine -CHIMIDAZOLE Neutral, basic 6.5
| Isoleucine -CH(CH)CH,CH3 Non-polar
L Leucine -CHCH(CHs), Non-polar
K Lysine -CH,CH,CH,CH,;NH3 Basic 10.0
M Methionine -CHCH,SCHg Non-polar
F Phenylalanine  CHPHENYL Non-polar
P Proline -CHCH,CHa[N] Non-polar
S Serine -CHOH Neutral
T Threonine -CH(CH)OH Neutral
w Tryptophan -CHINDOLE Non-polar
Y Tyrosine -CHPHENOL Neutral 10.0
\% Valine -CH-CHsCH3 Non-polar

Table 2.1. The natural amino acids: abbreviation codes, side chains, and character of the ionic
forms, predominant at pH 6—7. The pK values given are of the ionizable side chains [17]. The
general structure of amino acids isftC,HR-COOH, where R is the side chain. An exception
occurs with proline where the side chain is bridged to the nitrogen atom of the amino group.

sequence of cellular stress, and cooperating in protein degradation. If folding is unsuc-
cessful, the protein is directed to the proteasome—a large protease—for degradation [19].
Ensuring accurate protein folding is essential for normal cellular function.

2.1.1 Thermodynamics and Kinetics of Protein Folding

A protein sequence must satisfy two requirements for folding, one thermodynamic and
one kinetic [20]. The thermodynamic requirement is that the protein adopts a unique
folded conformation (the native state) which is stable under physiological conditions. The
kinetic requirement is that the denatured polypeptide chain can fold into the native con-
formation within a reasonable time.

The Gibbs free energg, is given by the equation

G=H-TS 2.1)

whereH represents the enthalpy, is the temperature anflis the entropy. The con-
tributions to the free energy of folding arise from internal interactions and hydrophobic
interactions, which are energetically favorable, and conformational entropy, which is en-
ergetically unfavorable.
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The dominant forces that stabilize the protein structure are hydrogen bonds, electro-
static and van der Waals attractions, hydrophobic interactions and disulfide bonds [21].
In hydrogen bonds, the hydrogen atom is shared between two electronegative atoms,
which in biological systems are oxygen and nitrogen. The bond energy ranges from 3
to 7 kcal/mol and the bond length is in the order oA3In electrostatic attractions a
charged group of a molecule is attracted by an oppositely charged one. The bond energy
is in the same range as that of the hydrogen bonds. The distance between two oppositely
charged atoms is about 248 Van der Waals bonds are nonspecific attractive forces that
arise from interactions among induced dipoles. The atoms involved in these bonds are
3 to 4 A distant from each other. The van der Waals bond energy is about 1 kcal/mol.
Hydrophobic interactions are attractions between non-polar molecules or groups that tend
to cluster in water. Disulfide bonds are formed between chains or between parts of a chain
by the oxidation of cysteine residues.

The non-polar groups strongly favor the folded state due to the attractive van der Waals
interactions and the hydrophobic effect, which favors the burial of non-polar groups [20].
The strong tendency of hydrophobic residues to be excluded from the water results in a
large entropy gain. By contrast, the polar groups make a much smaller contribution to
the stability of the native state owing to a balance of the interactions in the interior of the
protein and those with the solvent [20].

The opposing force of folding arises principally from the loss of conformational entropy
due to steric constraint in the folded state [21]. This is due to the fact that the conformation
space available to the polypeptide main chain and side chains is much more restricted in
the native state than in the denatured state. Proteins, as polymers, are subject to a type
of configurational entropy that arises from the excluded volume, which is described as
the impossibility of two chain segments to simultaneously occupy the same volume of
space. There are relatively few ways the chain can configure if it is forced to occupy a
small volume of space due to steric constraints. Native states of proteins are extremely
compact. Because protein folding involves arrangement of chains from a large volume
(unfolded state) to a small volume (native state), a considerable amount of entropy is lost
in the process.

The free energy of the native state of a protein is only slightly lower than that of
the denatured state under physiological conditions. The free energy chénggiq =
Ggenatured— Gnative IS typically 5 to 20 kcal/mol of protein [22]. This relatively low energy
difference allows conformational flexibility which is required for protein function such
as store and transport molecules, catalyze chemical reactions, transmit information be-
tween cells, control passage of molecules across membranes, bind to specific molecules.
Nevertheless, in physiological conditions, the stability of the native state is greater than
that of the denatured state. This is because the conformational entropy is outweighed
by other effects, particularly hydrophobic interactions between non-polar groups. This
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means that the protein folds so that its hydrophobic amino acids are clustered in the inte-
rior of the molecule and the polar, charged chains are on the surface. The 20 amino acids
show varying degrees of hydrophobicity, and this has important consequences for protein
folding [23].

An additional determinant of protein folding is the intrinsic structural preference for
different secondary structure elements of the chain that already exists in the random coil
state [20]. Under native conditions short-range interactions can give rise to structural
features such as nascent helices which act as initiation sites to increase the probability of
coalescing to structures involving longer range contacts.

Hydrophobic interactions are thought to be responsible for the unique native structure
that is encoded by the amino acid sequence. There is a small number of configurations that
allow a chain to configure in order to maximize the number of non-polar contacts [21].

In spite of the large number of possible conformations that a polypeptide chain can
adopt, the folding process occurs in a short time scale front i®10° seconds. There-
fore there must be folding pathways which allow the process to proceed rapidly. In fact
proteins do not fold by sampling all possible conformations randomly but rather by pro-
gressive stabilization of intermediates [24]. During protein folding partially correct in-
termediates are retained, decreasing the time for folding. The process is complex since
correct intermediates can be lost because of the small difference in the free energy of
the folded and unfolded states. Small proteins fold without populating intermediates in a
two-state transition process. In this case folding is thought to begin with a few native-like
contacts that promote a rapid transition to the native state.

The energy landscape of folding is funneled towards the native state, which means that
denatured molecules can fold by different pathways but all converge to the same native
state. The unfolded protein forms intrachain contacts, lowering its free energy. The num-
ber of conformations that the protein can sample is progressively reduced until it reaches
the unique native state at the energetic minimum. For large proteins, some pathways
involve transient intermediates (local energy minima) whereas others involve significant
kinetic traps (misfolded states). Intermediate species, which are partially folded states, are
able to interact specifically with each other to form aggregates. Molecular chaperones are
therefore essential for protein foldimg vivo since they prevent the formation of kinetic
traps or their aggregation.

2.1.2 Protein Secondary Structures

The secondary structures are regular elements of a protein structure and comsist of
helices,B-strands ang-turns (Figure 2.1) [25]. The unordered arrangements as well as
structures that cannot be classified within the standard classes are known as random coil
conformation.

The a-helix is a rod-like structure stabilized by hydrogen bonds between the CO group
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of an amino acid and the NH group of the amino acid that is situated four residues ahead
in the linear sequence. Each amino acid is related to the next one by a riseaoamﬁ:g
the helix axis and a rotation of 100which gives 3.6 amino acid residues per turn of
helix. This results in a distance per turn of R4Variations of thea-helix structure are
310 and z-helices. In 3p-helices the chain is more tightly packed with hydrogen bonds
between residues andn+3, whereast-helices are more loosely packed stabilized by
hydrogen bonds between residuesndn+5. The 3g-helices are rare and thehelices
very unfavorable. A substantial amount ghdelices occurs at the ends @fhelices.
The-sheet is an almost fully extended structure stabilized by hydrogen bonds between
CO and NH groups of amino acids of different polypeptide chains, c@listtands. The
axial distance between amino acids is §\5Adjacent[3—strands may be orientated in
the same direction, parall@-sheet, or in opposite directions, antiparafiesheet. The
classicalB-sheets originally proposed are planar but most sheets observed in proteins are
twisted.
In the B-turn structure the direction of the polypeptide chain is reversed. The structure
is stabilized by hydrogen bonds between the CO group of the residné the NH group
of the residuen+3 of a polypeptide chain.

“e

N

b

(a) (b) (©)

Figure 2.1. Ordered secondary structures in polypeptide chainsx-falix; (b) antiparallel
B-pleated sheet and (g)-turn.

Proteins contain mainly-helices and3-sheet structures (typically more than 60%).
The shape of these structures determines the compact structure of the molecule.

The secondary structure of a polypeptide chain is specified by the degree of rotation
of the backbone bonds in the peptide unit. Twg,{C and G,-N) of the three backbone
bonds are free to rotate (Figure 2.2). The degree of rotation can be predicted by diagrams
called Ramachandran plots [25]. In theory a polypeptide chain can adopt an essentially
infinite variety of conformations, corresponding to a unique set of values for the rotation
angles of the backbone. However, many conformations can be excluded due to unfa-
vorable steric overlaps. The peptide C-N bond is fixed and planar because of its partial
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double-bond character.

Figure 2.2. The geometry of a polypeptide chain segment comprising two peptide units. The
notations for atoms and torsion angles are indicagedefers to a rotation of the plane shown in
yellow about the G-C bond andp refers to a rotation of the plane shown in blue about theNC
bond.

Amino acid residues possess conformational preferences. The residues alanine, glu-
tamate and leucine have tendency to be involvedihelices. Valine and isoleucine
have propensity for forming-strand structure. Glycine, asparagine and proline pro-
mote the formation of turns. However, conformational preferences are only marginally,
which makes the prediction of a protein structure difficult. Additionally, the structure of
a polypeptide chain is not determined by a single residue. Interactions between residues
that are distant from each other may significantly influence the final secondary structure.

2.2 Protein Misfolding and Aggregation

The process that ensures the correct folding of proteins and degradation of malfunctioning
proteinsin vivois highly selective and precisely regulated. However, if this process fails,
misfolded proteins, which are potentially toxic, can accumulate in tissues or organs and
cause diseases.

Protein misfolding is an alteration of its secondary or tertiary structure that results in
malfunction. Misfolded proteins are particularly prone to aggregation because hydropho-
bic residues that are normally buried are exposed on their surfaces. In many cases, mis-
folded proteins associated with disease are aggregated in the form of fibrils or amorphous
deposits. Amyloid fibrils are one of the types of aggregate that can be formed by proteins.
These aggregates are highly organized structures stabilized by hydrogen bonds.

12
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2.2.1 Protein Misfolding Diseases

Several diseases have been associated to protein misfolding and aggregation [1, 3]. The
hallmark feature of protein misfolding diseases is a change in the native structure of a
protein without alteration of the primary structure. The misfolded protein aggregates and
accumulates in tissues as insoluble amyloid deposits (Figure 2.3). In addition to the aggre-
gated protein, amyloid deposits are characteristically rich in carbohydrates, particularly
glycosaminoglycans.

a

Figure 2.3. Renal amyloid deposits as demonstrated by Congo red staining. Adapted from [26].

There is a large secondary structural difference between the native protein and the ag-
gregated material. In general the native protein exisis-imelical and unordered struc-
tures, whereas the misfolded protein is richBirsheet structure. While in-helices the
hydrogen bonds that stabilize the structure are between CO and NH groups of the same
strand, inf-sheets the bonds are between CO and NH groups of different strands. Since
the second strand can come from a different region of the same protein or from a dif-
ferent molecule, formation gB-sheets is usually stabilized by protein oligomerization
or aggregation, which indeed occurs in protein misfolding related diseases. Although
amyloid-forming proteins do not share clear sequence homology, the fibrillar structures
have similar physicochemical and ultrastructural characteristics [6].

Another general feature of misfolding diseases is the prolonged period before clini-
cal manifestations appear. There is a prolonged preclinical phase during which proteins
misfold, aggregate and progressively compromise cellular and tissue functions [1].

The major representatives of these disorders are systemic amyloidoses that are accom-
panied by progressive extracellular deposition of proteins in multiple organs including
liver, spleen, kidney and heart. Amyloidosis can be secondary to other pathological con-
ditions that cause an increase in the concentration of an amyloid-prone polypeptide, as
occurs for the serum amyloid A protein during the acute-phase response accompanying
inflammatory disorders such as rheumatoid arthritis. Primary systemic amyloidosis in-
volves progressive multi-tissue deposition of immunoglobulin light chains and their frag-
ments.

In recent years, evidences have emerged indicating that prevalent neurodegenerative
diseases also involve a protein-folding problem with deposition of protein aggregates in
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the brain [3]. This group includes Alzheimer’s disease, Parkinson’s disease and transmis-
sible spongiform encephalopathies (Table 2.2). Alzheimer’s disease is the most common
neurodegenerative disorder and is characterized by the accumulation of proteins both ex-
tracellularly (amyloidB-peptide) and intracellularly (tau protein). The clinical and neu-
ropathological features of the disease are described below. The pathological features of
Parkinson’s disease, the second most common, are intracytoplasmatic inclusions called
Lewy bodies that contain mainly fragmentsmfynuclein protein. Transmissible spongi-
form encephalopathies are characterized by accumulation of abnormal prion proteins. The
most common is the Creutzfeldt-Jakob disease. These diseases can be sporadic, inherite
or infectious and are manifested usually later in life. They are pathologically charac-
terized by neuronal loss in motor, sensory or cognitive systems, and affect movements,
memory, emotions, cognition, and other abilities [27].

Disease Clinical features Protein Cellular location
Alzheimer's disease  Progressive dementia  Amy[dideptide  Extracellular plaques
Tau Tangles in neuronal
cytoplasm
Parkinson’s disease = Movement disorder a-synuclein Lewy bodies in

neuronal cytoplasm

Creutzfeldt-Jakob Dementia, ataxia Prion protein Extracellular plaques
disease Physiatric problems Oligomers in neurons
Amyotrophic Movement disorder Superoxide Deposits in neuronal
lateral sclerosis dismutase cytoplasm
Huntington’s Dementia, motor and  Long glutamine Deposits in neuronal
disease physiatric problems stretches nuclei and cytoplasm

Table 2.2. Clinical and neuropathological features of neurodegenerative diseases.

The precise reasons for protein misfolding and deposition and their relation with the
pathogenesis of the diseases are not known. In some cases of systemic amyloidoses th
deposits are in such large amounts that they lead to organ malfunction simply by phys-
ical presence. However, amyloid fibrils or more likely low molecular weight amyloid
aggregates may directly compromise cell function [2].

Alzheimer’s disease
Clinical and neuropathological features

The initial clinical symptoms of Alzheimer’s disease are almost imperceptible and typi-
cally involve lapses of memory for recent facts and poor judgment [28]. The performance
of complex work tasks and ability to acquire new information may be reduced. After a
couple of years cognitive functions are affected and patients show spatial disorientation,
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apathy, general disinterest and difficulty in performing simple tasks such as preparing
meals or managing bank accounts. Patients frequently lose emotional control which may
be accompanied by physical or verbal aggression. Symptoms of depression may prevail
in the early stage of illness. With progression of the disease, patients develop motor prob-
lems showing difficulty for walking and manual activities like writing. Recent memory
is severely affected. Over several years, the disease leads to a gradual deterioration of
the patients life who manifest a marked dementia with profound memory and cognition
losses. Many patients become immobile and succumb to respiratory difficulties.

Alzheimer’s disease is neuropathologically characterized by neuritic plagues and neu-
rofibrillary tangles in the brain, particularly in regions related to memory and cogni-
tion [29]. The neuritic plaques are spherical extracellular lesions that consist of deposits
of amyloid B-peptide fibrils surrounded by dystrophic axons and dendrites, activated mi-
croglia and reactive astrocytes. Amyloid plaques deposit in brain parenchyma and around
cerebral vessel walls. In the same brain regions, diffuse plaques are observed in much
larger number. They consist of amorphous extracellular deposits of amyloid peptide (ma-
terial that lack of fibrils). Diffuse plaques appear to represent an earlier stage of neuritic
plaques. Neurofibrillary tangles are helical paired filaments composed largely of abnor-
mal microtubular tau protein. These fibers are found in the cytoplasm of neurons. There
are no peripheral biochemical markers for the disease and confirmation still requires post-
mortem observation of the classical lesions.

At the moment, no therapies have been clinically proven to prevent the progression of
Alzheimer’s disease. Treatments used are largely symptomatic.

2.2.2 Amyloid Fibril Formation

Amyloid describes proteinaceous aggregates. The amyloid structure is characterized by
straight, unbranched fibrils, about 180n diameter and of indefinite length, composed

of filamentous subunits (protofilaments) with a diameter varying from 25 ) 3. An
electron micrograph of amyloid fibrils formex vitro is shown in Figure 2.4.

Figure 2.4. Electron micrograph of amyloid fibrils formi&dvitro from amyloid 3-peptide show-
ing long straight fibrils as well as fibrillar aggregates. The scale bar is fAO@(aiapted from [30].

The fibrils consist of polypeptide chains organized if§-sheet conformation. The
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extended3-sheets run parallel to the axis of the fibril, and their componghtstrands
(polypeptide chains), are arranged perpendicular to this axis (Figure 2.5). This structure
is known as the cros8-conformation. The protofilaments are usually composed of more
than one-sheet, stacking face to face, with an intersheet spacing of approximatély 10
The spacing between the adjacg@nstrands is about 4k [6]. All amyloid fibrils bind

to Congo red dye and generate a characteristic green birefringence when examined unde

cross-polarized light.
]/Mm A
Soat47 A

Figure 2.5. Molecular model of an amyloid fibril consisting of 5 protofilaments. The protofila-
ments are composed gtsheets with spacing of 1A. The adjacenp-strands that compose the
B-sheets are separated by A7

Over 20 unrelated proteins form amyloid fibrils vivo [1, 5]. In addition proteins,
for which no amyloid associated disease has been identified, can aggregate into fibrils
under appropriate conditions [31-33]. Formation of amyloid fibrils may be a generic
property of polypeptide chains, since the intermolecular bonds that stabilize the fibrils
involve the peptide backbone, which is common to all proteins. Thus, the amyloid state
may be accessible to any protein as a very stable alternative conformational state. Indeec
the aggregated state can be under certain conditions even more stable than the native
state [32]. Despite this fact, in biological systems the amyloid formation is restricted to
a group of proteins and not all form this type of aggregates. The cellular environment
is such that the denaturation of proteins does not normally occur under conditions where
unfolded chains tend to aggregate [2]. The pH and temperature are carefully controlled,
and molecular chaperones are present to prevent aggregation.

The basis for fibril formation may be the presence of denaturing conditions that desta-
bilize the native protein fold, but non-covalent interactions remain favorable [9]. In fact
genetic and environmental factors have been associated to fibril formation [3]. Mutations
in the genes that encode the proteins of the fibrillar aggregates can lead to a destabiliza-
tion of the normal protein conformation, favoring aggregation. Oxidative stress, changes
in metal ions, pH and concentration of the protein are other possible causes for protein
aggregation. Many of these alterations are associated with aging [34].

Studies have demonstrated that fibril formation follows a nucleation mechanism, with
formation of instable intermediates that act as seeds [35-37]. At least two intermediates
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have been identified during amyloid formation [38,39]. The first intermediates are soluble
and of low molecular weight, composed of monomeric or dimeric peptide molecules.
The second intermediates, the protofibrils, are short, flexible fibrils, generally 4-10 nm
in diameter and up to 200 nm long. Protofibrils form amyloid fibrils and have similar
characteristics to the mature fibrils;fasheet structure and capacity to bind Congo red
dye.

Amyloid fibrils and in particular their precursor assemblies (oligomers and protofibrils)
affect the normal metabolism of cultured cells [40]. As well early aggregates formed by
non-disease-associated proteins were found to be highly cytotoxic [41].

2.3 Self-Assembled Peptides

In this section two distinct molecules, B18 peptide and amyf®ideptide, that self-
assemble into amyloid fibrils, are described.

2.3.1 B18 Peptide

B18 peptide is the amino acid sequence 103 to 120 of the protein bindin, which is found
in the membrane of sperm cellssifongylocentrotus purpuratypurple sea urchin) [13].

Bindin plays a key role in the fertilization process and the sequence B18 is recognized as
the minimal membrane binding and fusogenic motif [7, 13]. These 18 amino acids are
perfectly conserved among all known sea urchin species. The amino acid sequence and
amphipathicity of B18 is shown in Figure 2.6.

1 5 10 15
-L-G-L-L-L-R-H-L-R-H-H-S-N-L-L-A-N-I-

Hydrophobic —

Hydrophobicity index

Amino acid residues

- Hydrophilic

Figure 2.6. Amino acid sequence and schematic representation of the amphipathicity of B18
peptide using Miller et al. scale [23].

In biological cells fusion of membranes is induced by proteins [42]. Fusion is essen-
tial in physiological processes such as fertilization, intracellular vesicle traffic and muscle
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development. However, it can also be part of a pathogenic process such as in viral in-
fections. Viral fusion proteins promote infection by mediating fusion between viral and
cellular membranes.

Fusion proteins contain a short hydrophobic sequence of 12 to 30 amino acid residues,
known as fusion peptide, that interacts directly with the membrane [43]. The amino acid
composition of fusion peptides shows a predominance of glycine, alanine and threonine
and aliphatic hydrophobic residues (valine, leucine, methionine).

Fusion peptides exhibit a polymorphic structural behavior, which seems to be crucial
for the fusion process. Evidences suggest that the fusion-promoting statecishiglex
structure [44]. It is proposed that the peptides are initially in a random coil conformation
and adopt amx-helix structure when inserted in the membrane. Certain viral fusion pep-
tides have a strong tendency to self assemble into ampleittuctures at the membrane
surface. Although self-association may contribute to the recruitment of more peptides to
the fusion site, its functional relevance is not known.

B18 peptide is able to induce aggregation and fusion of neutral lipid vesicles, which
is strongly enhanced by zinc ions [7]. Zinc inducesoahelix conformation in the pep-
tide molecule by binding to histidine residues 7 and 11, resulting in the formation of
oligomeric metallo-peptide complexes [45]. The high affinity of B18 peptide for mem-
branes was attributed to hydrophobic interactions since the peptide has hydrophobic side
chains at both ends of the molecule.

B18 peptide exhibits a high conformational flexibility and can adwjbtelix, random
coil or B-sheet conformation depending on solution conditions [46]. At neutral pH, the
peptide shows a strong tendency to self assemble and to form fibrils, consisting of twisted
ribbons that are assembled from three to five protofilaments with widths of about 5 nm
each [8]. The fibrils have a crogssheet conformation and stain positively to Congo red
dye, similar to amyloid fibrils. Studies of B18 peptide upon binding to lipid membranes
revealed an oligomerif-sheet structure [47].

There is a structural homology between fusion peptides and sequences of amyloido-
genic peptides [43]. Moreover fusogenic properties have been described for prion pep-
tides and amyloig3-peptide [10, 48]. These properties are thought to contribute to the
neurotoxicity of amyloidogenic peptides by destabilizing cellular membranes.

Peptides related to amyloid diseases, consisting of short sequences of 12 to 20 residues
have been shown to self assemble into amyloid fibrils with similar ultrastructure of the
amyloid from larger polypeptides and proteins [49, 50]. Hence, short peptides such as
B18 constitute ideal model systems to study conformational changes and fibrillization
vitro.
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2.3.2 Amyloid beta-Peptide

Amyloid B-peptide is the subunit of amyloid fibrils that form the neuritic plaques found
in Alzheimer’s disease [51]. The peptide accumulates in the small blood vessels of the
meninges and cerebral cortex [52]. The non fibrillar form of the peptide is found in
amorphous extracellular deposits (diffuse plaques) [53]. The peptide, with N- and C-
terminal heterogeneity, occurs in two principal lengths: 40 or 42 amino acids long. The
neuritic plaques appear to contain a mixture of the 40 and the 42 residues form. The
diffuse plagues are almost exclusively composed of the amylegpeptide (1-42), and

the cerebrovascular deposits contain mainly the 40 residues form.

The amyloidp-peptide, a 4.3 kDa molecule, is a product of proteolytic cleavage of a
transmembranar protein, the amyloid precursor protein, which is encoded by a gene on
chromosome 21 [54]. The peptide includes 28 residues outside the membrane and 12-14
residues derive from the transmembranar region of the precursor protein (Figure 2.7).
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Figure 2.7. Amino acid sequence and schematic representation of the amphipathicity of
amyloid B-peptide using Miller et al. scale [23].

The amyloid precursor protein comprises a heterogeneous group of polypeptides of 110
to 140 kDa widely expressed in neurons and non neuronal cells. The metabolism of the
precursor protein can be processed by two alternative proteolytic events (Figure 2.8) [55].
The proteolytic cleavage by-secretase is the most frequent and results in the release of
a large soluble ectodomain fragment into the extracellular space and the retention of a
fragment of 83 residues in the membrane. This fragment can be cleavedduyetase,
generating the peptide p3. Other precursor molecules can be cleavg@dsdgretase,
yielding a smaller ectodomain derivative and a fragment of 99 residues, which is retained
in the membrane. The subsequent cleavage of this fragmepsbygretase produces the
amyloid -peptide.
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Figure 2.8. Schematic diagram of the amyloid precursor protein processing. Two alternative pro-
teolytic events are shown: (a) The cleavagexbyecretase originates a large ectodomain (A&P

and an 83 residues fragment. The subsequesgicretase cleavage produces the p3 peptide; (b)
The B-secretase cleavage generates a smaller ectodomainr-ARd a 99 residues fragment,
which after cleavage by-secretase releases the amylBigpeptide (A3).

Since amyloidB-peptide has a hydrophobic character and is part of a membranar pro-
tein, the finding of soluble peptide in biological fluids was not expected. However, the
peptide is continuously secreted by normal cells in culture and is detected as a circulat-
ing peptide in the plasma and cerebrospinal fluid of healthy individuals [56,57]. The 40
residues form is normally the more abundantly produced by cells.

Considering that amyloifi-peptide is a normal metabolic product, a change in the bal-
ance between its production and clearance could increase its levels and lead to amyloid
deposition. The basis of the peptide accumulation is not completely known. Likewise,
whether the peptide deposition is a cause or an effect of Alzheimer’s disease is not clear.
However, strong evidences indicate that amylBigheptide accumulation represents an
early event in the pathogenesis of the disease and may be responsible for the brain abnor
malities that characterized the disease [15,58]. A schematic representation of the amy-
loid cascade hypothesis is shown in Figure 2.9. This hypothesis is largely supported by
genetic studies [4]. Mutations found to be causative of Alzheimer’s disease such as mu-
tations in amyloid precursor gene increase the cellular production of amftpieptide
and its accumulation. In Trisomy 21 (Down’s syndrome) there is an overexpression of
normal amyloid precursor protein owing to elevated gene dosage that leads to premature
occurrence of classical Alzheimer’s disease neuropathology at an early age. Studies with
transgenic animal models have shown that overexpression of wild type or mutant human
amyloid precursor protein results in development of pathological and clinical hallmarks
of Alzheimer’s disease including amyloid plaques and cognitive behavior alterations [59].
Additionally it was observed that the fibrillar and the oligomeric forms of the peptide, but
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not the monomeric form, cause changes in cultured neurons or microglia [60, 61]. This
observation agrees with the fact that amyl@igheptide is produced by healthy cells and
that neuronal injury appears to be associated with aggregated forms.
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Figure 2.9. Amyloid peptide cascade hypothesis of Alzheimer’s disease. The first pathological
alteration of the disease seems to be the misfolding and aggregation of afypeidtide (A3),
after its release from the amyloid precursor protein (APP). Adapted from [58].

For the development of therapies for Alzheimer’s disease, it is important to understand
the relation between amyloid fibril formation and the mechanisms involved in assembly
of amyloid B-peptide. Amyloid deposits isolated from Alzheimer’s disease brain tissue
are in a3-pleated sheet conformation where fhestrands run perpendicular to the fiber
axis [62]. However, the peptide is described to exist in distinct states of aggregation in
different lesions of the disease [63 vitro studies have shown that the peptide can exist
in monomeric, dimeric or oligomeric forms depending on solution conditions [64, 65].
The monomeric form exists ia-helix or random coil conformation, whereas the dimeric
and oligomeric forms are in f-sheet structure. It was found that during fibrillogenesis
the peptide undergoes a conformational transition from a random coil structurg-to a
sheet structure, during which a transit@ryhelix component is detected.

Synthetic amyloid peptides spontaneously form fibrils composed of contiritsheet
structure [66] similar to thén vivo amyloid fibrils [62]. In vitro studies have established
conditions that promote amyloid-peptide aggregation such as long incubation times,
high concentration of the peptide and pH range of 4 to 7 [64, 65]. Additionally assem-
bly studies of short fragments and amino acid substitutions in the peptide sequence have
provided information about the relation between the peptide sequence and its aggrega-
tion properties [49, 67—70]. The studies clearly showed that a significant proportion of
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the amyloidB-peptide aggregation is driven by the hydrophobic sequences, the internal

domain comprising residues 17 to 21 [67, 70] and the C-terminal region corresponding to
the residues 29 to 42 [49, 68]. Electrostatic interactions have also been implicated in the
formation and stabilization of amyloid fibrils [69].

Amyloid B-peptide fibrillogenesis is described as a nucleation-dependent polymeriza-
tion process [35, 36]. The kinetics of this process is controlled by two parameters, the
nucleation rate and the elongation rate. Nucleus formation requires a series of association
steps that are thermodynamically unfavorable. Once the nucleus is formed the addition
of monomers becomes thermodynamically favorable, resulting in rapid growth. A simple
mechanism is shown in Figure 2.10.

nucleus
A 2 L 3

Nucleation Growth

Figure 2.10. Scheme of a simple mechanism for nucleation-dependent polymerization: monomers
self-associate to form the nucleus at a ratg &ddition of monomers to the nucleus at a rage k
results in rapid polymerization.

It is proposed that nucleation of amylofdpeptide fibrillogenesis is induced by other
peptide molecules (homogeneous nucleation) or by impurities (heterogeneous nucleation)
[36]. In the first case, the nucleation begins when the peptide exceeds a certain critical
concentration leading to a spontaneous self-assembly of peptide monomers into aggre-
gates, which act as a fibril nuclei (seeds). The detailed structure of the peptide nucleus
was determined to be elongated with a radius of 2.4 nm and a length of 11 nm and consist-
ing of 30 to 50 monomers [71]. Alternative pathways, including seeding on impurities,
may exist for the formation of fibril nuclei, when the peptide concentration is below the
critical concentration [36]. Nucleation is followed by fiber elongation, with a rate pro-
portional to the peptide monomer concentration. Structural and kinetics analysis have
shown that during fibrillogenesis amyloftpeptide forms three different species, dimer,
protofibril and fiber [38]. The dimer and protofibril forms are considered intermediates
of fibril formation [40]. Based on the nucleation-dependent polymerization process, the
formation of protofibrils could be explained as a result of the linear growth of the fibril
nuclei, which would be formed by a combination of monomeric and dimeric forms. The
protofibrils would then give rise to the mature fibrils [38].

The advances in understanding the molecular basis of Alzheimer’s disease with the
delineation of the amyloi@-peptide hypothesis predict therapeutics based on preventing
the peptide accumulation. Approaches of particular interest are the 3sar gfsecretase
inhibitors and anti-aggregation compounds that bind to peptide monomers and prevent
their assembly and conformational transitions [4, 72]. However, it is likely fhar
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Y-secretases cleave many other proteins, which might be essential for cell functioning.
Thus inhibiting these enzymes may have toxicological effects. Aggregation inhibitors are
attractive therapeutic approaches since they could be synthesized specifically for amyloid
B-peptide or for stages of fibril formation that are shared between different amyloid types.
Since precursor intermediates of amyloid fibrils were found to be toxic, inhibition of
amyloid formation should be directed to the early steps.
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3.1 Peptides

B18 peptide (M, = 2090 g/mol) was provided by Olaf Zsainig from the University

of Leipzig. The peptide was synthesized according to standard Fmoc protocols and pu-
rified by reverse phase high pressure liquid chromatography. The purity and the mass
were checked by electrospray mass spectrometry and the amount of lyophilized peptide
was determined gravimetrically. B18 peptide is blocked at the C-terminus with an amide

group. Stock solutions were prepared by dissolving B18 in double distilled water, where

the peptide is fully soluble and does not self-aggregate. The solution was then diluted
with different buffers in order to obtain the desired pH.

Amyloid B-peptide (1-40) (M = 4330 g/mol) was purchased from Bachem. The start-
ing aggregation states and the structure of the peptide are highly dependent on the sample
batch [73]. Therefore to achieve disaggregation and a unique conformational state, the
peptide was first dissolved in hexafluoro-2-propanol (to disrupt intermolecular H-bonds)
at an approximate 1:1 ratio (mg:ml), followed by sonication until the peptide dissolved
completely. Complete solubilization is indicated by the absence of precipitate after cen-
trifugation. The organic solvent was removed with nitrogen gas and under vacuum. The
dry peptide, in a monomeric, unstructured state, was dissolved in aqueous buffer solu-
tions. A solution prepared in hexafluoro-2-propanol is stable for several months with no
precipitation observed.

Desired pH was obtained with 10 mM potassium phosphate buffer or 10 mM hepes
buffer (pH 7.4) and 10 mM ammonium acetate buffer (pH 4). Sodium azide (0.05 mM)
was added to prevent microbial growth. The pH values were measured with a pH meter
(WTWe-inoLab Level 1) equipped with an electrode (model SenTix Mic, WTW) that was
calibrated with pH 4.00, 7.00 and 12.00 buffers.
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3.2 Absorption Spectroscopy

The concentration of peptides was estimated from UV absorbance (A) at around 280 nm
and 230 nm according to the Lambert-Beer law,

A(A) = logy, <'°) = e(A)Cl, (3.1)

I
wherelg is the intensity of the incident light,is the intensity of the light after traveling a
distancd (cm) through a medium containing a sample with a concentr&li@v) ande
is the molar extinction coefficient (M cm~1) of the sample.

At around 280 nm the optical absorption is due to the aromatic amino acid residues
tryptophan or tyrosine. No other residues make an appreciable contribution at this wave-
length. In the case of amyloifi-peptide (1-40) a maximum absorption in the aromatic
region is observed at 276 nm which results from the optical contribution of the tyrosine
residue £ = 1390 Mt cm™1).

Higher sensitivity in absorption measurement is obtained at 230 nm. In this range the
molar extinction of each residue is about 300 Mcm~. However, many solvents also
absorb at this wavelength complicating the measurements. Since B18 has no aromatic
groups, the concentration of the peptide was estimated from UV absorbance at 230 nm.

Absorption spectra were recorded with a Cary 400 UV/Vis spectrophotometer in quartz
cuvettes with an optical path length of 0.1 cm or 0.2 cm from 190 to 400 nm.

3.3 Circular Dichroism Spectroscopy

The secondary structure of peptides and proteins can be determined by circular dichroism
spectroscopy in the far-UV spectral region. The technigue is nondestructive, requires
small amount of material and can be used for molecules in solution.

Circular dichroism is a chiroptical phenomenon by which optically active molecules
such as proteins interact differently with left and right circularly polarized light. To exhibit
such differences a molecule must be chiral, i.e., asymmetric in the sense that it cannot be
superimposed on its mirror image.

Circularly polarized light has an electric field vector of constant magnitude that changes
its direction as a function of time on the plane orthogonal to the propagation. It is called
right circularly polarized light if the tip of the electric field vector defines a right-handed
helix (Figure 3.1). The left circularly polarized light has the electric vector rotating in the
opposite direction.

In contrast, the electric vector of linearly polarized light has varying magnitude and
constant direction orthogonal to the line of propagation. Linearly polarized light can be
decomposed in right and left circularly polarized light of equal magnitudes (Figure 3.2 a).
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Figure 3.1. Schematic diagram showing the electric vector of right circularly polarized light.
The tip of the electric vector follows a circular path in a clockwise sense when viewed along the
direction of propagation, looking toward the light source.

Circular dichroism is defined as the difference between the absorption of right and
left circularly polarized light. Applying the Lambert-Beer law, equation (3.1), circular
dichroism is described as:

AA=A —Ag = £.Cl — erCl = AeCl, (3.2)

where Ae represents the difference of the decadic molar extinction coefficient of the
molecules for right and left polarized light. When linearly polarized light passes through
an optically active molecule, its two circular components are differently absorbed by the
molecule and the light is converted into elliptically polarized light, in which the tip of the
electric vector traces out an ellipse rather than oscillating in a plane or forming a circle
(Figure 3.2).

(©

Figure 3.2. (a) Linearly polarized light resolved into two circular components with the same
intensity. (b) Elliptically polarized light generated by rightg)Eand left polarized light (E) of
different intensities. (c) The ellipticity is the anglewhose tangent is the ratio of the semi minor
a and semi majob axes of the ellipse.

Circular dichroism data is plotted as ellipticity, which is an anglevhose tangent is
the ratio of the semi minor and semi major axes of the ellipse (Figure 3.2 (c)). &iisce
always small, the tangent éfwill be equal to6 in radians

|EL| — |ER]

O(rad) ~tanh = ————.
(rad) |EL|+ |ER|

(3.3)
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Since the light intensity is proportional to the square of its electric field vector, applying
the definition of absorbance, equation (3.3) becomes

10 A/2 10 A=/2
10-A/24+10A=/2°
Considering 19= exp(xIn10), expanding the exponentials (éxp~ 1+ x/(1!), for

small x), neglecting terms of the order &A in comparison with unity, and converting
to degrees gives

6(rad) = (3.4)

0(deg = 1801In 1% — 32980A. (3.5)

The ellipticity of the light that emerges from an optically active sample is very small
and would be difficult to measure accurately. Therefore modern instruments measure
circular dichroism by exposing a sample alternately to left and right circularly polarized
light and detect the differential absorptida.

To compare results it is necessary to remove the linear dependence on path length anc
solute concentration defining the molar ellipticig] [deg cn? dmol1)

0] = 100%. (3.6)

For peptides and proteins, circular dichroism data in the far UV is reported in terms of
mean residue concentration. In this c&sis obtained by dividing the molecular mass of

the macromolecule by the number of residues. Combining equations (3.2), (3.5) and (3.6)
yields the relation betwee®] and Ae

(0] = 329&e. (3.7)

Circular dichroism spectra were recorded with a Jasco 720 spectrophotometer from 190
to 260 nm using quartz cuvettes with an optical path length of 0.05 cm or 0.1 cm.

3.3.1 Electronic Circular Dichroism of Proteins

The major chromophore in peptides and proteins is the amide group that results from
bonding between component amino acids [74]. The amide group hasitivesgers and
therefore threer orbitals with two mainrz™* transitions; one near 190 nm and the other
at higher energy. Then* is electrically allowed and the transition moment is directed
approximately along the NO direction (Figure 3.3). In addition tostlebitals, there are
two lone pairs on the carbonyl oxygen (n orbital) which provides @htransition. This
transition is electrically forbidden in amides but has a magnetic dipole transition moment
directed along the carbonyl bond at a wavelength between 215 to 220 nm, depending on
the solvent (Figure 3.3).

Proteins and peptides have a characteristic circular dichroism spectrum according to
their secondary structure. An example is shown in Figure 3.4 for poly-L-lysine which
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Figure 3.3. The electric dipole transition moment of the anmdé transition {i;,+) and the
magnetic dipole transition moment of the amideg transition (M« ).

can adoptx-helix, B-sheet or random coil conformation in aqueous solution. At pH 4.5,
poly-L-lysine exists as disordered polypeptide due to the interaction among charged side
groups. On deprotonation at pH 12, internal hydrogen bonds are favored to increase the
stability and the homopeptide folds as a helix. Upon heating at pH 12, the energy nec-
essary to break the hydrogen bonds stabilizing the helical structure is supplied. Lysyl
residues of the random chain are removed from the aqueous environment and are associ-
ated, forming the8-sheet structure.
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Figure 3.4. Circular dichroism spectra of poly-L-lysine in random coil @tsheet (2) andx-
helix (3) conformation.

The spectrum ofi-helix shows a negative band at about 222 nm that has been attributed
to the mr* transition, and negative and positive bands near 208 and 190 nm, respectively,
assigned to thex* transition. These two bands result from exciton splitting of i
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absorption band into a 208 nm component polarized along the helix axis and a 190 nm
component polarized perpendicular to the helix axis due to the helix symmetry [74].

The spectrum of8-sheet has a negative band near 215 nm, assigned tortham-
sition, and a positive band near 197 nea § nm), attributed tarz* transition. The
degree of twisting of th@-sheet is related to the magnitude of the bands. Weakly twisted
sheets have bands of equal magnitude whereas for highly twisted sheats*ttrand
near 197 nm is much stronger than the' iand [74].

Unordered polypeptide chains generally show a strong negative band just below 200 nm
(mr* transition) and a very weak band at 217 nnrf{(itransition), which can be either a
positive band or a negative shoulder.

There are two major types @@-turns. Type IB-turns exhibit a circular dichroism
spectrum similar to thex-helix in the long wavelength region, but the positive band at
short wavelength is weaker. Typeturns spectrum is similar to thfg-sheet, but shifted
to the red by 5to 10 nm [74].

3.3.2 Protein Secondary Structure Estimation

Estimation of the secondary structure of a protein from its circular dichroism spectrum
is complicated by the fact that aromatic amino acid side chains and disulfide bonds can
contribute to the spectrum. Additionally the characteristic of the spectrum depends on the
length of structural elements in peptides and proteins (Figure 3.5). This is particularly
important for thea-helix structure for lengths below 1000 units because of the short
average helix length in globular proteins.
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Figure 3.5. Circular dichroism spectra of poly-L-lysine with different degree of polymerization
in a-helix (a) andB-sheet (b) conformation: 126 (curve 1), 1027 (curve 2) and 2714 (curve 3).
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The helix content can be estimated using the helix-coil model which accounts for the
number of amino acid residues [75]. According to this model, the ellipticity at 222 nm,
Oobs IS assumed to be linearly related to the mean helical contgnt,

Bobs = fr4[6H (1 —X/Nr) — 6c] + 6c, (3.8)

wherefy is the ellipticity of a complete helix of infinite length atG (—42.500 deg crm
dmol™1), 6c is the ellipticity of the random coil at T (640 deg cridmol~?1). The term
(1—x/Nr) is a correction tady for end effects, where is the number of peptide CO
groups that are not hydrogen bonded in a complete helix (for unblocked peptides,

and for carboxyamidated peptidess: 3) andN; is the number of peptide residues. Mea-
surements at a single wavelength are useful to follow the kinetics and thermodynamics of
the folding process. The disadvantages are that the model is limited and information on
B-sheets an@-turns is not included.

There are many methods to obtain structural information from circular dichroism data
in the literature [76]. Basically, all methods assume that the spectrum of a protein can
be represented by a linear combination of the secondary structure elements, plus a noise
term, which includes the contribution of aromatic chromophores,

N
0, = _ZLF.BM + noise (3.9)
i=

where0;, is the circular dichroism data of the protein as a function of wavelehgHis

the fraction of each structureandB;; is the ellipticity of the secondary elements at each
wavelengthd. The basis spectg,; are calculated from circular dichroism data of a set
of reference proteins of known three-dimensional structure (usually from X-ray analysis).
The constraints foF; are

N
F=1 and F >0
2,

The deconvolution of spectra of amyloid peptides is difficult due to their tendency to
aggregate. At the early stages of hesheet transition small peptide fibers can scatter
light and distort circular dichroism spectra. Finally at the end of the transition the signal
simply disappears. Thus deconvolution of the curves using standards can give poor fits.

The methods that fit the data to be analyzed via the spectra of standards by least squares
(multiple linear regression) give reliable results. Two programs, Lincomb and G&F, that
perform constrained least square analysis (surf; agfqual to 1) can be used. These
programs are useful for deconvolution of peptide spectra since polypeptide standards such
as poly-L-lysine curves (G&F program) [77] or standard curves from Brahms and Brahms
(Lincomb) [78] can be included in the reference set.

Another method that gives reliable results is based on the ridge regression analysis
(CONTIN) [79]. The method involves the direct analysis of a circular dichroism spec-
trum as a linear combination of the spectra of a large database of proteins with known
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conformations. In this method the contribution of each reference is kept small, unless it
contributes to a good agreement between the theoretical best-fit curve and the raw data.
Sreerama and Woody modified the method by incorporating the variable selection method
in the locally linearized model in CONTIN (CONTIN/LL) [80]. This method gave the
most reliable results. The analysis of the circular dichroism spectra was carried out using
the CDPro software [80]. Due to the disordered structure of the peptides studied in aque-
ous solutions, an extended reference set of 48 peptides was used, which included various
spectra of denatured/disordered systems (basis set 7 in CDPro) [81].

3.4 Neutron and X-Ray Reflectometry

Neutron and X-ray reflectometry techniques are used for investigating the structures of
surfaces and interfaces.
3.4.1 Theory of Specular Reflection

Neutrons and X-rays are reflected and transmitted at the interface between two media with
different optical properties [82]. The properties of a medium are described by a refractive
indexn which for neutrons and X-rays is defined as

n=1-(5—ip). (3.10)

The dispersion term is defined as

)LZ
6= Ep” for neutrons
)LZ
0= Erepe for X-rays
where
pn= Y Njbj,

is the neutron scattering length denshy,is the number density of atomic specigb;

is the scattering length of the materialjs the classical electron radius (2.814 ri(ﬁi),

pe is the electron density of the material ahds the wavelength of the incident radiation.
The absorption terrf is defined as

A
ﬁzﬂ.u’

wherey is the neutron or X-ray linear absorption coefficient.
Typical values for§ are 10°° to 108 and the absorptiof§ is one or two orders of
magnitude smaller for X-rays and approximately 3for neutrons which is essentially
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negligible. The absorption teri can also be neglected for X-rays in the case of soft
matter.

In a reflectivity experiment, radiation with wave vectqris incident on the interface
between two media with different refractive indices at an arfgldn general some of
the radiation will be reflected with wave vectdf and some transmitted. In the case of
specular reflection the angle of incidence is equal to the angle of reflection, the wave vec-
torsK; andK; are confined to thezplane and are equal in magnitude, and the scattering
vectorq is defined as

q:yKi—Kry:A;T”sine. (8.11)

The transmission and reflection coefficients depend upon the height (scattering length
density or electron density) and thickness of the barrier and the momentum of the incident
radiation (photons or neutrons). The scattering geometry is illustrated schematically in
Figure 3.6.

Figure 3.6. Scattering geometry of the specular reflection experiment.

Since the refractive index is slightly less than 1, this implies that a beam impinging
on a flat surface can be totally reflected. The condition to observe total reflection is that
the angle of incidenc® must be smaller than a critical angbe. Applying the Snell-
Descartes’ law

€0s6 = ncosby, (38.12)

whereg;, is the angle between the transmitted ray and the surface, and with eo4 at
total reflection, yields in absence of absorption

cosf.=n=1-34. (3.13)

Since § is of the order of 10° to 1075, the critical angle for total external reflection
is extremely small. At small angles c@scan be approximated as-162/2 and (3.13)
becomes

02 =26 (3.14)

The total external reflection of a X-ray or neutron beam is therefore only observed at
grazing angles of incidence < 0.5°. At larger angles the reflectivity decreases very
rapidly.
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The essence of a specular reflectivity experiment is to measure the refleRtvitg
surface as a function of the incident an@ler alternatively as a function of the modulus
of the wave-vector transfer[82]. The reflectivity is defined as

R=—, (3.15)
lo
wherel is the intensity of the reflected radiation for an angle of incidefica wave
vector transfeg andlg is the intensity of the incident radiation. Normalizing the intensity
of the incident beam to unity, the reflectivity is given by

R=r?|, (3.16)

which corresponds to the reflectivity of an ideally smooth, sharp interface known as the
Fresnel reflectivity. The reflected intensity is the quantity measured in an experiment and
is defined as the square of the modulus of the reflection coefficiagitien by the Fresnel

equation
_sin® —nsinGy

~ sin@ +nsinG;
Applying the Snell-Descartes’ law, equation (3.12), and considering equation (3.13) the
reflection coefficient for small incidence angles is

(3.17)

_6-/602-92
0+,/62-62

Below the critical angle the reflectivity is unity (incident radiation is completely re-
flected by the interface). Wheh> 36, the reflectivity decreases proportionalfo®.

The Fresnel reflectivity is applied to single uniform substrates with a constant electron
density. In the case of stratified media or multilayers scattering from all interfaces has to
be considered. Considering that the material is made of an infinite number of thin layers,
the reflectivity is given by

r (3.18)

- 2
Ria) = Re(@) | - [ %D expigad | (3.19)

ps)-w dz

wherez is the vertical distance from the substrate surfagds the electron density or
scattering length density of the substratp,/dzis the gradient of the density along the
surface.

When a layer of another material is deposited onto the interface, the reflectivity profile
becomes an oscillating function with a period of oscillations known as Kiessig fringes
(Figure 3.7). The fringe spacing is related to the layer thickness, while the depth of the
oscillations is dependent on the magnitude of the differences in scattering length density
or electron density between the interfaces.
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Figure 3.7. Calculated X-ray reflectivity of a polymer film with a thickness of 856 silicon
substrate.

Roughness of surfaces and interfaces can significantly alter the reflected intensity [82].
The reflectivity of sharp interfaces is calculated assuming a constant index of refrgction
that jumps to another constant valuig ; at the interface between laygand j + 1. For
a rough surface or interface this sharp step has to be replaced by a continuous variation
of the refractive index and hence by a continuous electron density or scattering length
density (Figure 3.8).

substrate
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Figure 3.8. Calculated density profilg)(of a polymer film on a substrate. The solid line rep-
resents the density profile of ideally smooth air/polymer and polymer/substrate interfaces. The
dashed line corresponds to the density profile of polymer and substrate surfaces with identical
roughness (18.).

The reflectivity curve of a rough interface falls more rapidly than in the case of sharp
interfaces and the amplitude of the fringes can be reduced at high wave-vector transfers.
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An example of reflectivity curves of a film deposited on silicon substrate assuming a
certain roughness for the substrate and film surface is shown in Figure 3.9. The amplitude
remains unaffected only if the roughnesses of the substrate and film surfaces are identical,
but the intensity drops more quickly than in the case of sharp interfaces.
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Figure 3.9. Calculated X-ray reflectivities of a polymer film with a thickness of B5M sili-
con and different root mean square roughnesgair/polymer interface) and» (polymer/silicon
interface). The curves are shifted on the intensity scale for clarity.

A rough interface can be seen as made of locally flat areas with different heights. The
reflection coefficient of a rough surface is obtained by multiplying the Fresnel reflection
coefficient by a factor known as the Crocé&wét factor

rough __ _flat . 2
M4t = Fj,j+1€XP(— 020z j+10711/2), (3.20)

where the parameter (root mean square height) is the standard deviation of the interface
position in thez direction for allx, y positions and gives an indication of the degree of
roughness. Therefore it is possible to determine the interface roughness of a layer system
by reflectivity.

3.4.2 Data Analysis

The observation of Kiessig fringes in a reflectivity profile can allow direct determination
of the layer thicknesd from theAq spacing of the minima of two neighboring interference

fringes
_2n

= aq
Further information can be obtained by more complex data analysis methods. The
reflectivity spectra were analyzed by applying the standard fitting routine Parratt 32 [83].

d (3.21)
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The calculation is based on Parratt’s recursion scheme for stratified media. The film
was modeled as consisting of layers of specific thickness and scattering length density
or electron density. The model reflectivity profile calculated using the dynamic iterative
model was compared to the measured one. Then the model was adjusted to the best chi-
square, a residual term indicating the deviation between the measured and calculated data.
The thickness, density profile and the roughness of each layer were obtained from the fits.

3.4.3 Reflectometers

X-ray reflectometry measurements were performed wiihieflection angle)/@ (detec-
tor angle) instrument with U = 30 kV, | = 15 mA, = 1.54 A (Cu K, radiation). The
divergence of the incoming beam wad Dand the B resolution was 0.05

Neutron reflectometry measurements were performed at the Hahn-Meitner Institute,
Berlin, on the V6 reflectometer with@&/26 geometry. The neutron wavelength selected
was 4.66A. The resolution was set thq = 0.001 A-1 for q < 0.04 A~1, andAq =
0.002A 1 for largerq values. The experiments were performed in a solid/liquid experi-
mental cell, which consisted of a single silicon crystal with size of 15 x 80 x 58 emd
a teflon trough that was fixed to the bottom of the silicon crystal (Figure 3.10). Because of
the large penetration depth of the neutrons as a consequence of their weak interaction with
almost any materialn situ measurements at solid/liquid interfaces can be performed.
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Figure 3.10. Typical cell used for neutron reflectivity measurements at the solid/liquid interface.

3.5 Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy technique for studying
the topology of surfaces with nanometer precision. A very sharp tip at the end of a can-
tilever is used to probe and map the morphology of a surface. AFM detects the interaction
force between tip and sample on the basis of the cantilever deflection. The bending of the
cantilever is usually detected by an optical technique by directing a laser beam onto the
cantilever. The beam is reflected from the surface on the back side of the cantilever onto
a photodetector. The scanning system that moves the sample or scans the probe over the
sample is typically a piezoelectric tube scanner.
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AFM imaging can be processed essentially by two modes.

In contact mode the tip is brought in contact with the sample. The cantilever deflection
is kept constant, while the tip scans laterally over the sample surface. If the cantilever
deflection changes, a feedback system moves the piezoscanner in the vertical direction tc
maintain the deflection constargetpoin). The piezo movement8Z are then recorded
as a function ok andy position. The resulting image is called height image and ideally
corresponds to the sample surface topography.

In tapping mode, also referred to as intermittent contact mode, the cantilever oscillates
close to its resonance frequency, typically between 100-400 kHz and with a free ampli-
tude between 10-150 nm. When the sample surface approaches the tip, the cantilevel
oscillations are, at some point, attenuated due to interactions between the tip and the sam:
ple. The amplitude drop is used as feedback parameter. In this mode the tip is only for a
short time in contact with the sample and hence the lateral forces are drastically reduced.
It is therefore preferred when dealing with soft substrates.

AFM imaging was performed in air in tapping mode with a Nanoscope Ill Multi-mode.

At least three regions of the surface were examined to verify if similar morphology existed
throughout the sample. The images were analyzed using the Nanoscope Il software.
Height sizes were estimated by section analysis and the root mean square roughness wa
calculated as

> (Zi—2Z)? (3.22)

wherez; is the height value for theth pixel on the AFM imageZ is the average o#
andN is the number of points in the selected area.
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on Modified Surfaces

Several proteins are located at a phase boundary. Moreover many biological processes
occur at or near interfaces, including cell-cell adhesion, protein synthesis and secretion,
transport and translocation of proteins across membranes. During these processes, strong
surface interactions may induce the unfolding of polypeptide chains and damage the na-
tive structure of a protein.

Fusion peptides promote the fusion of membranes and therefore are functional at inter-
faces. Surface interactions may be responsible for peptide conformational changes, which
will determine their function. These interactions may as well induce aggregation of fusion
peptides into amyloid fibrils. In fact several fusion peptides such as B18 peptide are found
to form fibrils at lipid membranes [8, 44].

Likewise the fibrillogenesis of amyloidogenic peptides such as prion protein fragments
and amyloidB-peptide might result from surface interactions. The cellular prion protein
is a glycoprotein bound to the cell surface by a glycolipid anchor [84] and its aberrant
isoform is thought to result from the cellular form either at the cell surface [85] or along
the endocytic pathway [86].

The amyloidB-peptide is a sequence of a transmembranar protein with an extracellu-
lar and a transmembranar domain and results from the proteolytic cleavage of the parent
protein [54], as described in section 2.3.2. The precise manner in which soluble pep-
tide undergoes conformational changes and depositimvo is not known. It became
clear that oligomerization and fibrillogenesis start when the peptide concentration ex-
ceeds a critical level. The increase of the local peptide concentration may well result from
peptide-surface association. A significant amount of soluble peptide was found to bind
to various macromolecules such as lipoproteins and albumin in human plasma and cere-
brospinal fluid [87, 88]. Apolipoprotein E (cholesterol transport protein) and derived pro-
teolytic fragments are present in the amyloid deposits of Alzheimer’s disease [89]. In fact
the apolipoprotein E gene is associated with altered risks of the disease [4]. In addition
the peptide is described to specifically bind to membranes containing gangliosides (gly-
colipids that constitute 5-10% of the total lipid mass of neuronal membranes), forming
an antiparalleB-sheet structure [90], and was found tightly bound to GM1 ganglioside in
brains exhibiting early pathological changes of Alzheimer’s disease [91]. Kowalewski and
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Holtzman have found that the size and the shape of the peptide aggregates, as well as tht
kinetics of their formation, exhibited a pronounced dependence on the physicochemical
nature of the surface [92]. On hydrophilic mica, amylBigheptide formed pseudo micel-

lar aggregates, whereas on hydrophobic graphite the peptide formed uniform, elongated
sheets. Furthermore, the formationf®theets by amyloid peptide has been described at
the air-water interface, in contrast to the initial bulk solution rickthelix and unordered
conformations [93, 94]. Such evidences suggest that surfaces may be crucial for fibril
formation of amyloid peptides. The degree of adsorption on surfaces might be directly
related to the peptide aggregation, since it will influence the local peptide concentration.
The structural changes of amylofdpeptide induced by teflon particles were previously
reported to depend on the amount of adsorbed molecules [95]. Therefore, the investiga-
tion of the influence of different surfaces on peptide adsorption may provide insights for
the mechanism of fibril formation.

The degree of adsorption of B18 and amyl@igeptide on modified surfaces was de-
termined by X-ray and neutron reflectometry. These techniques are extremely sensitive to
the thickness and electron or scattering length densities of self-assembled peptide layers
However, they cannot provide information about lateral features, since they effectively
average over the structure in the surface plane. Therefore atomic force microscopy was
combined with the reflectivity techniques in order to characterize the morphology of ad-
sorbed peptide.

4.1 Surface Preparation

Hydrophilic and hydrophobic surfaces were prepared on silicon substrates previously
cleaned by the RCA standard procedure, which consists in immersing the substrates in
a solution of HO + H,O, (30%) + NH; (30%), ratio 5:1:1 by volume, and heated to
75°C for 10 minutes, followed by excessive rinsing with ultrapure water, in order to re-
move organic residues.

4.1.1 Hydrophilic Surfaces

Hydrophilic surfaces consisted of oxide layer, polyelectrolyte multilayers and a polyvinyl
formal polymer (formvar).

Silicon oxide surface

The polished surfaces of silicon substrates bear a native oxide layer. The oxide layer
surface consists of siloxane bonds (Si-O-Si), which rapidly acquire silanol groups (Si-
OH) at the surface from contact with water or atmospheric moisture. These -OH groups
make the surface hydrophilic. After the RCA procedure the silicon oxide surface is well
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4.1 Surface Preparation

saturated with silanol groups, conferring very high hydrophilicity. Above pH 2, the oxide
surface is negatively charged and the charge density is almost constant over pH 3-8 [96].

Polyelectrolyte multilayers

Polyelectrolyte multilayer films were prepared by the layer-by-layer self-assembly tech-
nique, which involves the sequential adsorption of oppositely charged polyelectrolytes
onto a solid support [97]. The resulting multilayers are primarily formed by electrostatic

interaction and complex formation between the oppositely charged polyelectrolytes.

The polymers were adsorbed from aqueous solutions of tlonomer mol/L. The
silicon substrate was initially immersed in a solution of poly(ethyleneimine) (PEI=M
750000 g/mol) for 20 minutes, and then washed in ultrapure water at least three times
to remove the excess polymer. After this procedure the substrate was positively charged
and was used for the deposition of the polyanion poly(sodium 4-styrenesulfonate) (PSS,
M, = 70000 g/mol) followed by the polycation poly(allylamine hydrochloride) (PAH, M
= 50000-65000 g/mol), both solutions contained 1 M NaCl. The adsorption steps were
carried out by immersing the substrates in the polymer solution for 20 minutes and rinsed
with water until obtaining the desired number of layers. After deposition of the last layer
the sample was dried in a nitrogen stream.

The chemical structures of the polyelectrolytes used in the preparation of charged hy-
drophilic films are shown in Figure 4.1.

Polycations Polyanion

+ £
nmd, B(QN
NH; CI )
SO; Na’
PEI PAH PSS

Figure 4.1. Chemical structures of the assembled polyelectrolytes.

The pK values for PAH were estimated to be in the range between 9 and 10 and between
3.5 and 4.5 for PSS [98]. Zeta potential values for the polyelectrolytes on flat fused silica
were determined to be20 mV for the anionic outer layer and20 mV for the cationic
one, after the deposition of three to four layers [99].

The advantages of using polyelectrolytes as hydrophilic surfaces are their high charge
density and the fact that it is possible to control the film thickness.
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Formvar

A non-charged film was prepared with formvar 15/95E (Mr = 24000-40000 g/moal), a
commercial polyvinyl formal polymer, containing 5 to 6% hydroxyl groups in the form
of polyvinyl alcohol (Figure 4.2).

Figure 4.2. Chemical structure of the polymer formvar.

Formvar was dissolved in chloroform at a concentration of 1 g per 100 mL. The pre-
cleaned silicon substrate was immersed in the solution and removed with a constant speec
of 0.5 mm/s.

4.1.2 Hydrophobic Surfaces

Hydrophobic surfaces were obtained by coating silicon substrates with octadecyltrichloro-
silane, a polysiloxane-surfactant complex and polystyrene.

Octadecyltrichlorosilane

Silanization of silicon substrates was attained with n-octadecyltrichlorosilane (OTS) dis-
solved in toluene at a concentration of 2.5 x §@nol/L. The pre-cleaned substrates were
first dried with nitrogen gas, as well as the surrounding atmosphere to eliminate the water.
The substrates were then immersed in the solution overnight at a temperataé dihe
excess of OTS was removed by washing the substrates with toluene and isopropanol al-
ternately several times. OTS has the chemical formulg(CH,)17SiCl; and a molecular
weight of 387.94 g/mol.

Polysiloxane-surfactant complex

The polysiloxane contained an amount of 0.6 mol% aminoethyl aminopropy! functions.
The complex was obtained as follows. One equivalent of silicone oil was dissolved in
100 ml hexane and 0.5 equivalent of dodecanoic acid was dissolved in 50 ml butan-2-
ol and 0.5 ml methanol. While stirring, the surfactant solution was added in drops to
the silicon oil resulting in a transparent complex solution. The chemical structure of the
polysiloxane-surfactant complex is shown in Figure 4.3. Silicon substrates were coated
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with 1 mg/mL complex solution by spin coating using a SCS model 6708D spin-coater,
at a speed of 3500 rpm, for 60 seconds.

CH,4 CH,8
R %i —O0 ISi — OH
(?Hz) 3 CH,
m
ITH;I— CHZCHZI‘\HJ;I2
H H
O\\(|: /O O\\(‘: /O
CHy),  (CHy),,
CH, CH,

Figure 4.3. Chemical structure of the polysiloxane-surfactant complex.

Polystyrene

A solution of polystyrene was prepared at a concentration of 0.1% (w/w) in toluene. The
coating of the silicon substrates was performed by spin coating using a SCS model 6708D
spin-coater, at a speed of 3550 rpm, for 60 seconds. Polystyrene has the chemical formula
[CH2CH(CsHs)]n and the molecular weight was 62500 g/mol.

4.2 Characterization of B18 Peptide Adsorption

B18 peptide was allowed to adsorb on hydrophilic charged films and trichlorosilane layer
at different incubation times. The solution concentration wasgdBand the pH 7.4.

The peptide was in random coil conformation, as determined by circular dichroism spec-
troscopy.

4.2.1 Degree of Adsorption at Hydrophilic Interfaces

The adsorption of B18 peptide on charged PEI(PSS/BAHY PEI(PSS/PAHPSS films
was characterized by neutron reflectometry. The reflectivity profile of the pure films in
D,0O was first measured. The subphase was then exchanged by the peptide solution. After
12 hours adsorption time the peptide solution was exchanged by p@ebd neutron
reflectivity measurements were repeated.

Figure 4.4 shows the neutron profile of the positively charged PEI(PSS{RMAbe-
fore (curve 1) and after exposure to B18 peptide solution (curve 2). No differences in the
position and amplitude of the Kiessig fringes were observed in the reflectivity curves, in-
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4 Adsorption of Self-Assembled Peptides on Modified Surfaces

dicating that the thickness and composition of the film were unchanged. Hence adsorption
and penetration of B18 on the positively charged film can be excluded.
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Figure 4.4. Neutron reflectivity profile of positively charged PEI(PSS/RAi#n in D,0: 1)
bare polymer surface, 2) polymer surface exposed to B18 peptide for 12 h. The curves are offset
vertically for clarity.

The effect of B18 peptide on the negatively charged PEI(PSS/EAEH film can be
seen by comparing the reflectivity profile of the bare surface (Figure 4.5, curve 1) with that
from the film after exposure to the peptide solution (Figure 4.5, curve 2). B18 exposure
resulted in a shift of the position of the minima to smatiefalues, indicating an increase
in the film thickness.

The structural parameters of the pure PEI(PSS/RRBS film were obtained by fitting
a two-layer model to the reflectivity profile, the first layer representing the silicon oxide
and the second layer the film. The thickness and the scattering length density of the
polymeric film were estimated to be 388and 3.79 x 10 A2, respectively. Adsorbed
B18 could not be accounted for by a single uniform layer. Thus the reflectivity profile
of the polymeric film after B18 adsorption was fitted with a two-layer model but in this
case the second layer corresponds to the film plus adsorbed B18 peptide. A thickness of
369A was obtained. Therefore B18 adsorption resulted in a thickness increasedof 11
The fitting parameters are resumed in Table 4.1.

On a hydrophilic surface, the electrostatic attraction is often the driving force for ad-
sorption of a protein on the solid substrate [100]. The extent of adsorption is determined
by the balance between electrostatic attraction and repulsion in the adsorbed layer. At pH
7.4, B18 peptide carries a net positive charge. Most likely, the absence of B18 adsorption
on the positively charged film is due to electrostatic repulsion between the peptide and
the surface, whereas adsorption on the negatively charged film is driven by electrostatic
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layer dA) p@0%A-2 o)
silicon oxide 8+ 2 3.41+0.10 5+1

before adsorption
film 358+1 3.79+0.10 9+ 3
D,0 - 6.11+ 0.20 23+4

after adsorption
film and peptide 361 3.79+0.10 2+1
D,0 6.11£ 0.20 25+1

Table 4.1. Structural parameters used to fit the reflectivity profiles measured for the system
PEI(PSS/PAHPSS and B18 peptided, p and o are the thickness, scattering length density
and roughness, respectively.

attraction between the film and the positively charged B18. The adsorbed amount on the
negatively charged polymer corresponds to an irreversibly adsorbed state since the surface
was rinsed with RO after B18 exposure.

4.2.2 Morphology of Adsorbed B18 on Charged Layers

Negatively charged surfaces were incubated in B18 peptide solution and removed at de-
fined times for atomic force microscopy measurements. After removal the surfaces were
washed with ultrapure water and dried with nitrogen.

Atomic force microscopy imaging of PEI(PSS/PARSS after B18 peptide adsorp-
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Figure 4.5. Neutron reflectivity profile of negatively charged PEI(PSS/BR8% film in BO: 1)
bare polymer surface, 2) polymer surface exposed to B18 peptide for 12 h. The continuous lines
are profiles calculated using parameters of Table 4.1. The curves are offset vertically for clarity.
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tion revealed small differences when compared to the bare surface (Figure 4.6). As can
be observed on Figure 4.6 (a) the bare surface after incubation in buffer solution shows
brighter structures closely packed, which are considered to be polymer aggregates. The
roughness was estimated to be2B A, which agrees with the value obtained by neutron
reflectivity. After incubation in B18 peptide solution the surface became more covered
and the clusters appeared to be larger (Figure 4.6 (b)). This change was attributed to the
adsorption of B18 peptide on the polymeric film. However, it is not possible to distinguish
peptide molecules from polymer aggregates. The roughness was essentially the same a
that of the pure polymer (22 2 A). Nevertheless, as described in section 4.2.1, neutron
reflectivity measurements showed that B18 peptide adsorbs on the polymeric film after 12
hours incubation time. Though adsorbed B18 could not be fitted as a single uniform layer
and the roughness was large and similar to that obtained for the pure film, as observed by
atomic force microscopy. This suggests that the peptide adsorbs in the form of patches,
which are placed between the polymer aggregates.

(a) 0 hours (b) 72 hours
Figure 4.6. AFM images of PEI(PSS/PAPSS film: (a) bare polymer, (b) polymeric film after
incubation in B18 solution for 72 hours. Images were recorded at imkcan. The Z range is
20 nm.

In order to better resolve the peptide structure on negatively charged surfaces, the ad-
sorption of B18 on silicon oxide layer was characterized by atomic force microscopy.
Neutron reflectivity measurements of these samples were not performed since the silicon
oxide is a thin layer (less than ). For thin adsorbed layers, reflectivity at high values
of g will give most of the structural information. However, @icreases the noise level
increases and at high valuesg{> 0.2 ,&‘1), the reflectivity will rapidly fall off to the
background level (due to incoherent scattering from the solvent)qko0.15 A-1the
reflectivity of thin silicon oxide layer will give a fast signal decay without modulations
(Kiessig fringes). As the peptide layer is expected to be thin, in the range of #0-+he
changes in the overall thickness will not be easily detected.

Figure 4.7 (a) shows the atomic force microscopy images of initial bare silicon surface
after incubation in buffer solution. As expected, the substrate surface is flat and feature-
less. Thus small changes in the morphology of the surface upon peptide adsorption are
presumably easy to detect. At early times after exposing the silicon substrate to the pep-
tide solution, no significant differences were found on the surface when compared to the
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bare substrate (Figure 4.7 (b)). Increasing the incubation time to 12 hours, spherical struc-
tures closely packed are observed (Figure 4.7 (c)). Areas devoid of adsorbed molecules
are also seen. After 24 hours incubation time the color of the structures became lighter,
indicating that their heights increased (Figure 4.7 (d)). The surface coverage seems to be
identical to that after 12 hours adsorption time. Finally longer incubation time (72 hours)
led to the formation of a film which covered uniformly the surface (Figure 4.7 (e)).

(a) 0 hours (b) 1 hour (c) 12 hours

(d) 24 hours (e) 72 hours
Figure 4.7. AFM images of silicon oxide layer after incubation in B18 solution at different times.
Images were recorded at 1 xin scan. The Z range is 10 nm.

The heights of the spherical structures were quantified by section analysis and the re-
sults are shown in Table 4.2. Aggregates of12 A height were found after 12 hours
adsorption time, which agrees with the thickness obtained for B18 adsorption layer on
PEI(PSS/PAHPSS film as determined by neutron reflectivity. After 24 hours adsorption
time, heights of 16+ 1 A and 23+ 2 A were measured, indicating that molecules are
adsorbing on already adsorbed peptide. The height of the film formed at 72 hours incu-
bation time was estimated to be 233 A. The roughness was found to increase by about
8 A (Table 4.2).

Time ()  Height ()  RoughnessA)

0 - 3.2+ 0.1
12 13+ 2 4.0+0.2
24 16+ 1;23+2 5704
72 23+£3 10.7£ 0.3

Table 4.2. Height and roughness of adsorbed B18 on silicon substrates as determined by AFM.
The mean values and confidence interval were obtained from at least five distinct areas.

Adsorption of B18 peptide onto negatively charged surfaces is a slow process. Long

47



4 Adsorption of Self-Assembled Peptides on Modified Surfaces

incubation times are required to observe irreversible adsorption. One possible reason for
the slow adsorption kinetics is that the peptide aggregates first in solution and it adsorbs
in aggregated form. Indeed B18 is known to aggregate in solution at pH[8, 45].
However, aggregation is concentration dependent and was observed at much higher con-
centrations than that used here. The most likely mechanism is that the peptide adsorbs a:
single molecules but it requires time to conformationally adjust to the surface. Consider-
ing that B18 has hydrophobic sequences at both ends of the molecule, it is possible that
the peptide undergoes conformational changes when interacting with hydrophilic surfaces
before irreversible adsorption. Additional molecules will preferentially adsorb on the top
of those already adsorbed on the surface. The model of a second layer of peptide growing
on the clusters is supported by the finding of different aggregate heights by atomic force
microscopy. A long period of adsorption leads to an almost complete coverage of the
surface.

Because B18 is positively charged and the bare silicon and PEI(PSS#P88)sur-
faces are negatively charged, there is an electrostatic attraction for the peptide to the
surfaces. A possible driving force for adsorption of bulk peptide on already adsorbed
molecules may result from the exposed hydrophobic residues, due to peptide conforma-
tional changes. Apparently, this process occurs on a faster time scale than that allowing
molecules to adsorb on the surface. When bulk peptides come into contact with adsorbed
molecules, the hydrophobic residues on each are available for agglomeration, which might
be thermodynamically more favorable than adsorption on the bare charged surface.

4.2.3 Degree of Adsorption on Hydrophobic Surfaces

X-ray reflectometry of OTS layers after incubation in B18 solution revealed information
about the adsorption degree of B18 on hydrophobic surfaces. After a defined adsorption
period, the samples were rinsed with ultrapure water and dried in a nitrogen flow.

Figure 4.8 shows the reflectivity curve of the pure OTS layer (curve 1), which was
fitted with a two-layer model, the first layer corresponding to the silicon oxide and the
second layer to OTS. The electron density and the thickness of the bare OTS layer were
0.24 e /A3 and 24A, respectively. The reflectivity profile of the hydrophobic surface
changed after incubation in B18 peptide solution. After 1 hour adsorption time, the re-
flectivity curve showed a pronounced shift of the position of the first minimum to smaller
g values and a second minimum was observed (Figure 4.8, curve 2). This is interpreted
as an increase of the film thickness. The best fit of the reflectivity data was obtained with
a three-layer model (silicon oxide, OTS and peptide layer). The structural parameters of
the hydrophobic OTS were identical to the ones obtained for the bare layer. An additional
layer with an electron density of 0.11 &2 and a thickness of 28 was observed. After
72 hours incubation time the reflectivity curve showed an increase in the amplitude of
the fringe when compared with the profile after 1 hour adsorption time (Figure 4.8, curve
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3). In addition, the distance between the two minima changed. These are indications that
the thickness and composition of the surface changed. The fitting parameters showed an
OTS layer with an electron density of 0.26/83 and a thickness of 28. The electron
density and thickness of the peptide layer changed to 0. 16%and 204, respectively.

The fitting parameters of the reflectivity curves are summarized in Table 4.3.

Reflectivity

0.04 0.08 012 0.16 020 024 0.28
B
a A

Figure 4.8. X-ray reflectivity profile of OTS layer after incubation in buffer solution (curve 1) and
in B18 peptide solution for 1 hour (curve 2) and 72 hours (curve 3). The curves were fitted using
parameters of Table 4.3 (continuous line). The curves are offset vertically for clarity.

layer d(A) pe (e71A3) o(A)
bare layer

oTS 23.8+0.3 0.24+0.01 2.7+0.2
silicon oxide 11.03.0 0.72+0.11 7.6+0.2

1h adsorption time

peptide 22.8:-0.8 0.11+£0.01 3.9+0.7
OoTS 24.0£ 0.7 0.24+0.01 2.6+0.6
silicon oxide 11.0:2.0 0.72-0.01 7.8+0.3

72h adsorption time

peptide 19.8£ 0.7 0.16+0.01 3.9+-0.6
OoTS 23.1+1.1 0.26+0.01 1.0+0.9
silicon oxide 11.0-6.0 0.72:0.02 7.8+0.6

Table 4.3. Structural parameters used to fit the reflectivity profiles measured for the system OTS
layer and B18 peptided, pe. ando are the thickness, electron density and roughness, respectively.

When OTS is exposed to B18 peptide solution, X-ray reflectivity data indicate that even
after rigorous rinsing with water, there is a layer of peptide adsorbed on the hydrophobic
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surface. This indicates that B18 peptide shows high affinity for hydrophobic surfaces,
which is likely caused by its seven leucine residues, that contribute to a decrease in free
energy on going from the aqueous environment (initial state) to the hydrophobic interface
(final state). Lower electron density obtained from the X-ray reflectivity data for 1 hour
adsorption time comparing with 72 hours suggests that at early times the coverage of the
surface was less uniform. In addition the thickness of the peptide layer was found to
decrease with time which might indicate diffusion of peptide molecules to the free sites
on the substrate.

In order to better understand the mechanism of B18 adsorption on the OTS layer, atomic
force microscopy measurements were performed.

4.2.4 Imaging B18 Adsorption on Hydrophobic Layer

Figure 4.9 shows representative topographic images of OTS at different incubation times
in B18 solution. The bare OTS layer was uniform and no special features were observed
(Figure 4.9 (a)). After 10 minutes incubation time no significant differences were ob-
served in the layer when compared to the bare substrate (Figure 4.9 (b)). In contrast, after
20 minutes the surface was different from the bare substrate. In this case the surface was
covered with structures in a well defined arrangement that resembled a network (Figure
4.9 (c)). The surface coverage increased with time and the pattern became more dense
(Figure 4.9 (d) and (e)). After 72 hours adsorption time the surface was covered more
uniformly but many small regions devoid of adsorbed molecules were observed (Figure

4.9 ().

(&) 0 min (b) 10 min (c) 20 min
(d) 1 hour (e) 2 hours (f) 72 hours

Figure 4.9. AFM images of OTS layer after incubation in B18 solution at different times. Images
were recorded at 1 X fim scan. The Z range is 20 nm.
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At incubation times up to 2 hours aggregates with a fractal like morphology were ob-
served. Elongated structures appeared to grow from amorphous aggregates (Figure 4.10).

Figure 4.10. AFM image of B18 aggregates on OTS layer after 2 hours adsorption time. The
image was recorded at 500 x 500 nm scan. The Z range is 20 nm.

Section analysis of the images showed that at early adsorption times the heights of
the structures were not uniform (Figure 4.11 (a)). Heights of25 A and 37+ 2 A
were measured after 20 minutes adsorption time. Similarly, structures of two distinct
heights were found after 1 hour (231 A and 32+ 2 A) and after 2 hours incubation
time (20+ 1 A; 34 + 2 A). Higher structures were preferentially located at the boundary
between covered and bare areas and decreased in number with time. After 72 hours, the
higher area disappeared and the height amounted4oPA. The surface roughness after
peptide adsorption decreased as a function of time (Figure 4.11(b)). Similar trends were
found with X-ray reflectivity measurements.
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Figure 4.11. Height (a) and roughness (b) of B18 peptide adsorbed on OTS layer as a function
of time as determined by AFM. The square root of time is used to distinguish the experimental
points. The mean values and confidence intervals were obtained from at least five independent
areas.

Adsorption of B18 onto hydrophobic OTS is faster than onto hydrophilic surfaces. This
indicates that B18 has a lower activation free energy of adsorption on hydrophobic sur-
faces than on hydrophilic surfaces. Yet, irreversible adsorption on hydrophobic surfaces
takes more than 10 minutes suggesting that also in this case the peptide requires time
to conformationally adjust to the surface. It is not possible to determine unambiguously

51



4 Adsorption of Self-Assembled Peptides on Modified Surfaces

whether the peptide adsorbs as single molecule or in aggregated form. However, it is
likely that aggregation occurs on the surface since in solution higher concentrations and
longer times are required for peptide assembly [8]. The following mechanism for B18
adsorption on OTS layer is proposed. Single molecules adsorb irreversibly on the surface
after conformational arrangement. Additional molecules will preferentially adsorb from
the bulk solution on those already adsorbed. Afterwards, molecules will undergo confor-
mational changes and will diffuse to the free sites on the substrate. This would explain
why the heights of aggregates decrease with time. It is possible that two-dimensional
lateral diffusion on the surface affects the adsorption process of B18 on OTS layers. It
is known that polymers can undergo rapid lateral diffusion on surfaces. The high local
concentration of peptide in the amorphous deposit could well act as a reservoir of elon-
gated structures, which would be a more stable state. The growing of amyloid fibrils from
amorphous aggregates has been reported for a recombinant amyloidogenic immunoglob-
ulin light chain [101]. It is possible that fibril formation by B18 peptide follows a similar
mechanism. The presence of amorphous aggregates may serve as nucleation sites for fibri
growth. This process might constitute an important mechanism of fibril formation.

4.2.5 Functional Implications

Although B18 peptide is known to induce fusion of lipid vesicle systems [7], the fusion
mechanism is poorly understood. The adsorption behavior of B18 on hydrophilic and hy-
drophobic surfaces may provide some information about this process. The results of this
study point that most likely single peptide molecules interact with the hydrophilic mem-
brane surface, resulting in conformational change. Hydrophobic interactions will then
lead to aggregation of peptide molecules which will allow the formation of a membrane
defect. Since the peptide has high affinity for hydrophobic surfaces, it will then penetrate
and diffuse in the target membrane.

The type of B18 aggregates is though to determine the peptide functional state [8]. The
fusion activity of B18 is promoted by zinc ions, which induce the formation of globular
clusters of the peptide. Similar aggregates were observed on negatively charged surfaces
as described in section 4.2.2. In the absence of zinc, the peptide is rapidly inactivated
at pH > 7 by aggregation into amyloid fibrils [8]. Whether the fibrils are functional
relevant for the fusion process is not clear. However, fibril formation is believed to lead
to a disruption of the membrane rather than fusion [8]. A similar mechanism may as well
be observed for amyloidogenic peptides when interacting with cellular membranes. It
has been suggested that the lipid membrane might play a catalytic role in the nucleation
or self-assembly process of amyloid fibrils, which would lead to a perturbation of the
membrane [102].
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4.3 Characterization of Amyloid beta-Peptide Adsorption

The interaction of amyloig8-peptide (1-40) with hydrophilic and hydrophobic surfaces
has been characterized by neutron reflectivity. The structural parameters of the pure films
were first determined by measuring their reflectivity profiles gODThe subphase was

then exchanged by a solution of amylg@dpeptide (1-40) in PO at a concentration of

4.6 uM. Neutron reflectivity measurements were repeated after 12 hours of exposure.
The pD values of the peptide solutions were obtained by adding 0.4 units to the pH-meter
readings [103]. The mean value and confidence interval of pD of all solutions used in
the neutron reflectivity measurements were #.0.2. The peptide was in random coil
conformation as determined by circular dichroism spectroscopy.

4.3.1 Adsorption at Hydrophilic Solid/Liquid Interfaces

The amyloidf3-peptide (1-40) was allowed to adsorb on formvar and on the multilayer
films PEI(PSS/PAHPSS and PEI(PSS/PAKI) The neutron reflectivity profile of pure
formvar film in DO is shown in Figure 4.12 (curve 1). The thickness of the film was
evaluated from the position of the minima of two consecutive fringes using equation (3.21)
and was determined to be 270 The reflectivity profile of the non-charged film after
exposure to amyloid solution showed no significant differences from the curve of the pure
layer (Figure 4.12, curve 2).
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Figure 4.12. Neutron reflectivity profiles of hon-charged formvar film y©D1) bare polymer
surface; 2) polymer surface exposed to amy[@igeptide solution for 12 h. The curves are offset
vertically for clarity.

The reflectivity curve of the PEI(PSS/PAHPSS film in DO vyielded a thickness of
405A for the polyelectrolyte multilayers by using equation (3.21) (Figure 4.13, curve 1).
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No significant changes were observed in the reflectivity profile of negatively charged films
after exposure to amyloifi-peptide solution when compared to the bare polymer (Figure
4.13, curve 2).

In both cases no differences in the position of the minima and amplitude of the fringes
were observed after long exposure time to amy[®igeptide solution. This is an indica-
tion that adsorption or penetration of the peptide on non-charged and negatively charged
hydrophilic films did not occur.
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Figure 4.13. Neutron reflectivity profiles of negatively charged PEI(PSS/§A$S film in BO:
1) bare polymer surface; 2) polymer surface exposed to amplgidptide solution for 12 h. The
curves are offset vertically for clarity.

The adsorption of amyloi@-peptide on positively charged film showed a different
behavior. In contrast to the non-charged and negatively charged films, the PEI(PSS/PAH)
profile changed after exposure to amyldgigpeptide (1-40) solution (Figure 4.14). A
pronounced shift of the position of the minima to loweralues was observed in the
reflectivity curve after 12 hours adsorption time. This is an evidence that the thickness
increased, indicating the formation of an additional adsorption layer on PEI(PSS/PAH)
film.

The reflectivity curve of the bare film was fitted with a two-layer model. The first layer
represents the silicon oxide layer and the second one the bare film. A scattering length
density of 4.1 x 10° A~2 and a thickness of 308 were obtained for the pure film.

The reflectivity curve after amyloiff-peptide adsorption was fitted adding an additional
layer to the previous model. However, it was found that the surface coverage was not
uniform. The best fit was obtained with a surface coverage of 0.6, suggesting that the
peptide adsorbs as patches dispersed over the surface. According to the fitting parameter:
these aggregates have a scattering length density of 3.4%A® and a thickness of
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4.3 Characterization of Amyloid beta-Peptide Adsorption
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Figure 4.14. Neutron reflectivity profiles of positively charged PEI(PSS/BAitt) in D,0: 1)

bare polymer surface; 2) polymer surface exposed to amylgieptide solution for 12 h. The
curves were fitted using parameters of Table 4.4 (continuous line). The curves are offset vertically
for clarity.

20A. The structural parameters obtained from the models used to fit the reflectivity curves
are resumed in Table 4.4.

layer dA) p@0%A2 o)

silicon oxide 6+ 4 3.48+0.41 2+ 1
film 308+2 4.10+0.04 3+ 2
peptide 20+ 1 3.40+ 0.07 2+1
D,O - 6.37+0.18 17+1

Table 4.4. Structural parameters used to fit the reflectivity profile of the system PEI(PS&/PAH)
and amyloidB-peptide. The surface coverage of peptide adsorption layer was estimated to be 0.6.
d, p ando are the thickness, scattering length density and roughness, respectively.

The electrostatic attraction between a charged surface and oppositely charged protein
is often the driving force for protein adsorption on the hydrophilic solid substrate [100].

In addition to electrostatic attraction, a further driving force for protein adsorption is at-
tributed to entropic changes associated with dehydration of the protein and surface and/or
structural rearrangement within the protein [100].

At pD 7, partial deprotonation of the histidines residues of amyigeptide is ex-
pected to occur and hence the net charge of the peptide at this pD value is negative [104].
Adsorption of amyloidB-peptide on hydrophilic non-charged surface was not observed
likely due to the absence of electrostatic attraction. Similar behavior was observed at zwit-
terionic phosphatidylethanolamine monolayers, which can be compared with non-charged
surfaces [94]. No adsorption of the peptide at the lipid monolayer was observed at sur-
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4 Adsorption of Self-Assembled Peptides on Modified Surfaces

face pressure above 30 mN On hydrophilic negatively charged surfaces, the absence
of adsorption is attributed to electrostatic repulsion between the peptide and the surface.
Circular dichroism measurements showed that amyfbigeptide exhibits mainly ran-

dom coil secondary structure when dissolved gODZhang et al. found that amyloid
B-peptide (10-35) adopts a collapsed coil structure Pwhich was considered an
intermediate meta-stable state [105]. The peptide molecule has a compact well-defined
conformation within its hydrophobic core stabilized by van der Waals and electrostatic
interactions, whereas the flanking regions are partially disordered. Amglqeptide
(1-40) exhibits two hydrophobic clusters: residues 17 to 21 and residues 29 to 40. In the
collapsed coil conformation, these clusters are expected to be in the interior of the struc-
ture. However, a hydrophobic patch was observed on the surface of the molecule [105].
This hydrophobic patch could be an additional reason for a thermodynamically unfavor-
able situation for adsorption on hydrophilic non-charged and negatively charged surfaces
used in this study.

The fact that amyloigB3-peptide adsorbs on the positively charged film suggests that
electrostatic attraction between the peptide and the PAH surface occurs. In addition, ad-
sorption may be driven by an entropy gain caused by dehydration of surface and pep-
tide and/or conformational entropy gain resulting from structural changes in the peptide.
When compared with PSS polymer, PAH is less hydrophilic. Neutron reflectivity mea-
surements have shown that six water molecules are bound per PSS monomer while one
water molecule is bound per PAH monomer [98]. Since amypigeptide has a hy-
drophobic patch on the surface, the molecule will have higher affinity for PAH than for
PSS, resulting in an entropic gain. This would explain why the peptide adsorbed on the
positively charged film but not on the negatively charged one, even when both positive
and negative charges are present in the molecule.

4.3.2 Adsorption at Hydrophobic Solid/Liquid Interfaces

The amyloid3-peptide (1-40) was allowed to adsorb on polysiloxane-surfactant film.
The reflectivity profile of the hydrophobic surface changed after injection of amgleid
peptide solution. The profile of the polysiloxane-surfactant complex after 12 hours in
contact with the peptide solution showed a shift in the position of the minimum of the
interference fringe to lowey values, when compared with the reflectivity profile curve of
the pure film (Figure 4.15).

The neutron reflectivity curve of the pure film was fitted with a two-layer model. The
layer closer to the silicon substrate corresponds to the silicon oxide layer and has a scat-
tering length density of 3.47 x 16 A-2 and a thickness of 8. The silicon oxide layer is
followed by a second one with low scattering length density of 0.68% £0-2, which is
typical for organic materials. This layer must be composed of the polysiloxane-surfactant
complex. The reflectivity profile after injection of the peptide solution was fitted with a

56



4.3 Characterization of Amyloid beta-Peptide Adsorption

three-layer model. In addition to the two layers observed, an additional layer with a scat-
tering length density of 3.13 x 16 A~2 and a thickness of 1& was found after amyloid
B-peptide adsorption. This layer consists of the peptide adsorbed onto the hydrophobic
polysiloxane-surfactant complex. The fitting parameters are summarized in Table 4.5.
The measurements were repeated 59 hours after peptide injection, but there were no dif-
ferences between this reflectivity curve and the one observed after 12 hours adsorption

time.
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Figure 4.15. Neutron reflectivity profiles of polysiloxane-surfactant complex.®:01) bare
polymer surface; 2) polymer surface after amylBigheptide adsorption. The continuous lines are
profiles calculated using parameters of Table 4.5. The curves are offset vertically for clarity.

layer dA) p@0%A-2 oA

silicon oxide 9+ 1 3.47+0.14 5+1
complex 101+1 0.68+0.16 8+2
peptide 1201 3.13+0.09 2+1
D,O - 6.36+0.14 1242

Table 4.5. Structural parameters used to fit the reflectivity profile of the system polysiloxane-
surfactant complex and amylofiipeptide.d, p ando are the thickness, scattering length density
and roughness, respectively.

Additionally, the adsorption of amyloif-peptide (1-40) on a polystyrene surface was
studied. The reflectivity from the bare silicon block covered with a polystyrene layer is
shown in Figure 4.16 (curve 1). The evaluation of the data revealed the formation of
a layer with a scattering length density of 1.96 x 8 2. The reflectivity from the
same sample after 12 hours of amyl@iepeptide adsorption showed a pronounced shift
of the position of the minimum to lowervalues (Figure 4.16, curve 2). This indicates an
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4 Adsorption of Self-Assembled Peptides on Modified Surfaces

increase in the film thickness that corresponds to the formation of an additional adsorption
layer on top of the polystyrene film.
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Figure 4.16. Neutron reflectivity profiles for polystyrene in 1) bare polymer surface; 2)
polymer surface after amyloifl-peptide adsorption. The continuous lines are profiles calculated
using parameters of Table 4.6. The curves are offset vertically for clarity.

The best fit to the reflectivity data after peptide adsorption was obtained with a three-
layer model (Table 4.6). Again, the formation of a layer with a scattering length density
of 3.13 x 10°® A~2 was observed. The thickness of this layer (&Zpis larger when
compared with the adsorption layer on the polysiloxane-surfactant complex.

layer dA) p@aodi-2 oA

silicon oxide 21+2 3.47+£0.13 1145
polystyrene 32 1.96+0.05 5+4
peptide 202 3.13+0.29 3+2
D.O - 6.36+ 0.05 2+1

Table 4.6. Structural parameters used to fit the reflectivity profile of the system polystyrene
and amyloidB-peptide. d, p and ¢ are the thickness, scattering length density and roughness,
respectively.

On a hydrophobic surface, attraction occurs between the hydrophobic surface and hy-
drophobic fragments within the protein [100]. The folding of a polypeptide chain in
aqueous solution involves a considerable loss of conformational entropy but this is com-
pensated by a gain in energy due to the removal of the hydrophobic residues from contact
with water [21]. The hydrophobic surface, however, provides a region on which the pep-
tide backbone can unfold without exposure of the hydrophobic residues to water [100].
Since amyloidB-peptide has two hydrophobic domains, residues 17 to 21 and residues
29 to 40, it can interact with hydrophobic surfaces, resulting in adsorption.

58



4.3 Characterization of Amyloid beta-Peptide Adsorption

4.3.3 Conformational Implications

In an experiment where specipsre adsorbed on a surface from aqueous solution, as an
uniform layer, the scattering length density of the adsorbed laygs, is made up of a
contribution from the species and from watsrpresent in the layer

Pexp= PpPp+ (1= Pp)Ppw, (4.1)

wheregy,, is the volume fraction of specigsin the layer. The scattering length density of
the peptide can be obtained from

pp=2", (4.2)

whereVy, is the molecular volume of the peptidey andb; represent the stoichiome-

try and the scattering length of the elements in the peptide molecule (carbon, hydrogen,
oxygen, nitrogen and sulphur). The element scattering leriggtage taken from the lit-
erature [106]. Because the peptide contains labile hydrogens on the backbone and amino
acid side groups, which readily exchange with) the effect of H/D exchange on the
total scattering length of the peptide has to be considered. The H/D exchange of amyloid
B-peptide was determined by nuclear magnetic resonance to be 66 [107]. The molecu-
lar volume of the peptide was estimated by adding the partial volumes of all amino acid
residues, leading to a value of 5138 [25]. The scattering length density of the peptide
was subsequently calculated to be 3.34 x®1A-2. The value is very close to the scatter-

ing length density of the peptide layer adsorbed on hydrophobic surfaces obtained from
the model used to fit the reflectivity profiles described in section 4.3.2. This suggests that
the peptide formed a very tightly packed layer, which does not contgih Dhe accuracy

of this value is affected by the estimated molecular volume. However, a similar value for
the thickness of adsorbed peptide was found after drying the samples in a nitrogen flow,
suggesting that the amount of water in the layer was very low. In addition the peptide
was found to form a packed uniform layer on different hydrophobic surfaces such as OTS
layer, as observed by atomic force microscopy (Figure 4.17).

(a) 0 hours (b) 36 hours

Figure 4.17. AFM images of OTS layer after incubation in amylgigeptide solution. Images
were recorded at 1 x fim scan. The Z range is 10 nm.

It is likely that the peptide adoptsf@rsheet structure upon adsorption on hydrophobic
surfaces. A tightly packed layer agrees with the formatioreftructures. Amyloid
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4 Adsorption of Self-Assembled Peptides on Modified Surfaces

B-peptide was previously found to be infasheet structure at the air-water interface
[93,94]. Additionally the formation of uniform, elongated sheets on hydrophobic graphite
by the peptide has been described [92]. X-ray diffraction studies indicate that amyloid
fibrils are composed of more than ofiesheet, stacking face to face, with an inter-sheet
spacing of approximately 18 [62]. The 12A obtained for adsorbed peptide layer on
polysiloxane-surfactant complex agrees with the presence of one pleated sheet, wherea:
the 20A of amyloid adsorbed layer indicates that at most two pleated sheets exist. This
means that the conformational rearrangement of amyieeptide inf3-sheet structure

and further aggregation occur more rapidly on polystyrene film than on polysiloxane-
surfactant complex polymer.

For the system positively charged PEI(PSS/PAH)M and amyloid3-peptide, de-
scribed in section 4.3.1, the adsorbed layer was not uniform. However, it is possible to
compare the value of the scattering length density obtained for the peptide patches with
the calculated value. Also in this case the values are very close, which indicates that the
patches are tightly packed. In addition circular dichroism measurements showed that PAH
polymer induces #-sheet structure in amylojd-peptide (Figure 4.18). Thus the peptide
within the patches adsorbed on the positively charged film might b@islaeet structure.

[1.10° (deg cm’dmol™)
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Figure 4.18. Circular dichroism spectra of amyl@iepeptide in the presence of PAH polymer:
0 mg mL~! (curve 1) and 1 mg mt! (curve 2).

Opposed to this, no conformational changes are observed in anBApéptide when
incubated in hermetically closed quartz cuvettes previously treated by the RCA proce-
dure. After this procedure the quartz surface is highly hydrophilic and negatively charged.
Circular dichroism measurements showed that the peptide is mainly in random coil con-
formation when in contact with negatively charged quartz surfaces for more than 2 weeks
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4.3 Characterization of Amyloid beta-Peptide Adsorption

(Figure 4.19 (a)). This was not the behavior observed for the peptide solution when in-
cubated in test tubes. In this case a transition from random cgil-$beet structure
occurred (Figure 4.19 (b)).This might be explained by the fact that in the test tubes amy-
loid B-peptide was in contact with air, whereas in the quartz cuvettes this interaction was
prevented. The air-water interface acts as a hydrophobic-hydrophilic surface to which the
peptide has high affinity resulting inxrsheet conformation. The peptide was previously
found to adsorb at air-water interface and mej@lgheet structure was detected [94].

(a (b)
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Figure 4.19. Circular dichroism spectra of amyl@iepeptide stored in negatively charged quartz
cuvettes (a) and in test tubes (b) at different times: 10 minutes (curve 1), 4 days (curve 2) and 20
days (curve 3). The curves of (a) overlap.

Whereas no adsorption is observed on hydrophilic non-charged and negatively charged
films, amyloid B-peptide adsorbs on hydrophobic surfaces and hydrophilic positively
charged film. Structure prediction studies have indicated that the C-terminal 10 residues
and residues 17-21 of the peptide show the greatest hydrophobicity [30]. Thus the pep-
tide is thought to interact with hydrophobic surfaces through its hydrophobic domains,
residues 17 to 21 and residues 29 to 40. Adsorbed peptide on hydrophobic surfaces likely
adopts aB-sheet conformation. A schematic representation of the amyleidptide
layer adsorbed on hydrophobic surfaces is shown in Figure 4.20. The adsorbed peptide is
represented as a monolayer that is assumed to corresporfgtpbeated sheet. If this is
the case the distance between the peptide molecBlsgrénds) within the pleated sheet
is 4.7 and the thickness of thB-pleated sheet is approximately A0as described for
amyloid fibrils [6,62]. This value is close to the one obtained for the thickness of peptide
layer adsorbed on the polysiloxane-surfactant complex.

In the case of the positively charged surface an entropy gain must be the driving force
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4 Adsorption of Self-Assembled Peptides on Modified Surfaces
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Figure 4.20. Schematic representation of amy[®igeptide layer adsorbed on hydrophobic sur-
faces. The hydrophobic residues and charged polar residues are shown in black and white, respec
tively.

for adsorption. The polymer that formed the surface was found to indfesteeet struc-

ture on the peptide. Therefore it is assumed that the peptide adsorption results in a con-
formational transition from random coil {o-sheet structure. Since adsorption or confor-
mational transitions were not observed in the case of negatively charged suffetest
formation seems to result from peptide adsorption.
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5 Interaction of Amphiphiles with
Self-Assembled Peptides

Detergent micelles are widely used as models to study the structure of peptides in mem-
brane mimicking systems. In the case of peptides with fusogenic properties and ability to
form fibrils such as B18 and amylojgpeptide, these studies might provide insights into
the role of membranes in amyloid fibril formation and into the mechanism of perturbation
of membranes.

B18 peptide as well as several viral fusion peptides tend to self-associate into amyloid
fibrils in membrane-bound state and it has been suggested that the fibril formation leads
to a perturbation of membranes [8, 44]. Previous studies have shown that the C-terminal
domain of amyloid3-peptide has fusogenic properties [10] and that the peptide disrupts
membranes containing acidic lipids [102]. The fact that amyfbioeptide derives from a
transmembranar protein and that its oligomeric forms are toxic to neurons [60, 61] associ-
ated with a perturbation of lipid compaosition observed in Alzheimer’s disease [108, 109]
indicates that interactions of the peptide with cellular membranes might be related to the
development of the disease.

Moreover the investigation of interaction effects between amyloid peptides and mi-
celles might be relevant for the development of therapeutic agents that stabilize the mo-
nomeric form of the peptides or inhibit the fibril formation. Amyldidpeptide seems to
be released as a monomeric soluble peptide and to require a minimal level of aggregation
to exert neurotoxicity [40,57, 60, 61].

The conformation of amyloi@-peptide in water-micelle environments has been exten-
sively described in the literature [L10-115]. However, several of these studies were carried
out with shorter fragments of the amylofdpeptide (1-40) and (1-42) [110, 112, 113].

In addition, the reports of solution structure of the 40 and 42 amino acid sequences in
detergent micelles concerned essentially the influence of sodium dodecyl sulphate mi-
celles[111,114,115]. In this work the study is extended to cationic, anionic perfluorinated
and nonionic micelles. The concentration dependent effect of the different amphiphiles on
the structure of B18 and amylofé-peptide (1-40) was characterized by circular dichro-
ism spectroscopy.

The aim of this study is to better understand the interaction of amyloid peptides with
charged and nonionic amphiphiles.
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5 Interaction of Amphiphiles with Self-Assembled Peptides

5.1 Amphiphiles

The amphiphiles used were sodium dodecyl sulphate (SDS), pentadecafluorooctanoic acic

(PFOA), cetyltrimethylammonium chloride (CTAC), anddtn-octyl--D-glucopyrano-
side (OG) (Figure 5.1).
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Figure 5.1. Chemical structure of the amphiphiles used in the study of interaction effects with
amyloid peptides.

The properties of the amphiphiles are summarized in Table 5.1. The ionic amphiphiles
were selected in order to have micelles with approximately the same shape. Octyl glu-
coside was chosen because of its purity when compared with other nonionic surfac-
tants and due to its very little effect on the properties of membrane proteins and mem-

brane associated-protein complexes, that permits to reconstitute proteins without denatu-
ration [116-118].

Amphiphile  cmc (mM) Shape of micelle  Size of micelle (nm)  Aggregation number

spg 8.0 spherical 4.8 78
PFOAP 9.1 disk-like

CTAC® 1.4 spherical 4.8 90
oGt 25 cylinder R=1.3;L=96 90

ac[116,119],° [120],9 [121]

Table 5.1. Properties of the amphiphiles used in the study of interaction effects with amyloid

peptides. cmc is the critical micellar concentration. For @& the radius of the cylinder, ard
is its length.

Stock solutions were prepared by dissolving the surfactants in double distilled wa-
ter and adjusting the pH to 7 with KOH or HCI (ionic strength10~3 M). Peptide-
amphiphile solutions were prepared with amphiphile concentrations below and above the
corresponding critical micellar concentration (cmc), in order to study the effect of the
monomers and micelles on the peptide structure.
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5.2 Secondary Structure of B18 Peptide in Amphiphile
Solutions

The effect of amphiphiles on the secondary structure of B18 peptide was investigated at
pH 7, with a final peptide concentration of @/. B18 peptide exhibits, in the absence

of amphiphiles, a circular dichroism spectrum characteristic of random coil conformation
(minimum at 198 nm). The content of structure motifs was estimated to be-B#ix,

19% B-sheet, 1098 -turn and 68% random coil, using the method CONTIN/LL.

Figure 5.2 shows the circular dichroism spectra of B18 peptide in SDS solutions at
concentrations ranging from 1.7 to 50.3 mM. At low concentration of SDS (1.7 mM),
B18 peptide exhibits a spectrum with two negative bands, at 222 nm and 208 nm, and
a positive band at 190 nm, which is an indication of the presenae-loélix structure
(Figure 5.2, curve 2). At higher SDS concentrations (5.0, 16.8 and 50.3 mM), the spectra
showed as well characteristic bandsoehelix but the bands were less pronounced when
compared with the spectrum at 1.7 mM SDS (Figure 5.2, curves 3 to 5). This suggests
that thea-helix content decreased at higher concentrations of SDS.
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Figure 5.2. Circular dichroism spectra of B18 peptide in aqueous solution containing SDS at
concentrations of 0.0 mM (curve 1), 1.7 mM (curve 2), 5.0 mM (curve 3), 16.8 mM (curve 4) and
50.3 mM (curve 5).

Quantitative analysis of the fraction of secondary structures showed the maximum
helix content at 1.7 mM SDS (36%, Table 5.2). It can be seen in Table 5.2 that the
increase inx-helix upon addition of SDS amphiphile (from 3% to 36%) is more due to a
reduction of the random coil content (from 68% to 25%) than to the reductifnsbifeet
or B-turn structures. Higher SDS concentrations decreased the helix inducing effect of
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5 Interaction of Amphiphiles with Self-Assembled Peptides

the amphiphile, leading to am-helix content of about 20%.

Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 19 10 68
1.7 36 22 17 25
5.0 23 21 19 37
16.8 21 22 17 40
50.3 20 23 18 39

Table 5.2. Secondary structure estimation of B18 peptide in SDS solutions by the CONTIN/LL
program ¢ 3%).

The effect of anionic perfluorinated amphiphile PFOA on B18 peptide is shown in
Figure 5.3. Similar to those obtained in the SDS system, the circular dichroism spectra
of B18 peptide in 1.8 and 5.4 mM PFOA, which are below the cmc of the amphiphile,
showed characteristics @f-helix structure and remained unchanged at micellar PFOA
concentrations.
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Figure 5.3. Circular dichroism spectra of B18 peptide in aqueous solution containing PFOA at
concentrations of 0.0 mM (curve 1), 1.8 mM (curve 2), 5.4 mM (curve 3), 18.0 mM (curve 4) and
54.0 mM (curve 5).

The content of helicity of B18 was estimated to be in the range of 34-40% in the
presence of PFOA (Table 5.3). The random coil fraction decreased from 68%, in absence
of amphiphile, to 29-33% upon addition of the anionic perfluorinated amphiphile. The
B-sheet angB-turn structure content changed only slightly. Thus, similar to the effect of
SDS, the increase @i-helix was more due to a reduction of the random coil content than
to a reduction of3-sheet ang3-turn structures. This is supported by the finding of an
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5.2 Secondary Structure of B18 Peptide in Amphiphile Solutions

isosbestic point at 203 nm in the spectra of B18 measured in the absence and presence of
PFOA at concentrations ranging from 5.4 to 54.0 mM (Figure 5.3, curves 1 and 3 to 5).

Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 19 10 68
1.8 34 16 17 33
54 40 16 16 29
18.0 36 15 20 29
54.0 40 10 18 32

Table 5.3. Secondary structure estimation of B18 peptide in PFOA solutions by the CONTIN/LL
program (- 3%).

Interaction of B18 with the positively charged CTAC amphiphile showed predomi-
nantly a random coil conformation of the peptide at a concentration of 0.3 mM and an
a-helix structure at higher concentrations (Figure 5.4).
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Figure 5.4. Circular dichroism spectra of B18 peptide in aqueous solution containing CTAC at
concentrations of 0.0 mM (curve 1), 0.3 mM (curve 2), 1.0 mM (curve 3), 3.3 mM (curve 4) and
9.8 mM (curve 5).

Quantitative analysis showed an increase to 33-38%-btlix content upon addi-
tion of CTAC at concentrations ranging from 1.0 to 9.8 mM (Table 5.4). The content of
random coil decreased from 68% to 28%, whereasftfsheet ang3-turn did not vary
significantly.

To discern the role of amphiphile charges on the peptide structure, samples of B18 in
nonionic octylB-glucopyranoside solutions were prepared. Circular dichroism measure-
ments showed no influence of the nonionic amphiphile on B18 structure at concentrations
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Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 19 10 68
0.3 8 24 15 53
1.0 33 22 18 27
3.3 35 21 17 27
9.8 38 16 18 28

Table 5.4. Secondary structure estimation of B18 peptide in CTAC solutions by the CONTIN/LL
program (& 3%).

below the cmc (Figure 5.5, curves 2 and 3). However, at micellar concentrations, the
circular dichroism spectra of B18 changed compared with the spectrum of the peptide in
absence of the amphiphile (Figure 5.5, curves 4 and 5). A small positive band at 190 nm
and small negative bands at 208 and 222 nm were observed for B18 in the presence of
nonionic micelles. The changes were more pronounced at concentrations much above
the cmc. An isosbestic point is observed at 203 nm indicating that the transition occurs
mainly between two states, random coil amdhelix.
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Figure 5.5. Circular dichroism spectra of B18 peptide in aqueous solution containingBectyl
glucopyranoside at concentrations of 0.0 mM (curve 1), 4.0 mM (curve 2), 12.0 mM (curve 3),
40.0 mM (curve 4) and 120.0 mM (curve 5). Curve 2 and 3 overlap.

Secondary structures estimation indicated that the conteatltdlix increased from
3% to 21% upon addition of octy-glucopyranoside micelles, whereas the random coill
content decreased from 68% to 41% (Table 5.5). Bhgheet ang3-turn contents re-
mained aproximately constant.

B18 peptide is positively charged at pH 7. Since the C-terminus of B18 is blocked
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Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 19 10 68
4.0 3 20 9 68
12.0 3 21 10 66
40.0 11 25 17 a7
120.0 21 20 18 41

Table 5.5. Secondary structure estimation of B18 peptide in @getylucopyranoside solutions
by the CONTIN/LL program £ 3%).

with an amide group, due to the synthesis, there are no negatively charged groups on the
molecule. Both anionic and cationic amphiphiles were found to indubelix structure
on B18 peptide at monomeric concentrations. These results suggest that the helical state
of the peptide is not determined by electrostatic interactions but rather by hydrophobic
interactions between amphiphiles’ chains and hydrophobic residues of B18. Since non-
ionic amphiphile monomers have no influence on the B18 structure it is assumed that the
length of the hydrophobic chain plays a certain role in the interaction of amphiphiles with
B18 peptide. OctyB-glucopyranoside and anionic perfluorinated PFOA have the shortest
chain length of the amphiphiles used in this study)(GHowever, in the case of PFOA,
CFs groups are present, resulting in high degree of hydrophobicity. Hence hydropho-
bic interactions between the peptide and perfluorinated amphiphile are enhanced. The
cationic amphiphile on the other hand has the longest hydrophobic chgij) ¢@hich
likely allows that hydrophobic interactions to overcome the electrostatic repulsion be-
tween the positively charged amphiphile and positively charged peptide, resulting in an
o-helix structure. The difference observed between anionic and cationic monomers at
concentration 4.7 times below the cmc might be explained by the difference in the ratio
amphiphile/peptide. Since the cmc of CTAC is about 6 times lower than the cmc of an-
ionic amphiphiles, the CTAC/peptide ratio was much lower (3) when compared with the
anionic amphiphile/peptide ratio (18).

Glaser et al. [46] reported that B18 exhibits, in the presence of trifluoroethanol, two
helical regions at both ends of the molecule, connected by a flexible loop distinctly bent
(Figure 5.6).

Figure 5.6. Structure of B18 peptide in 30% trifluoroethanol showing two helical regions con-
nected by a flexible hinge in the histidine rich center. Adapted from [46].
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5 Interaction of Amphiphiles with Self-Assembled Peptides

Trifluoroethanol seems to favor the formation @fhelix mainly in the hydrophobic
regions on both sides of the peptide. It is assumed that hydrophobic amphiphile chains
have the same effect.

At micellar concentrations, all amphiphiles inducedaathelix structure on B18 pep-
tide. Since there is no significant increase on the helical content in the presence of ionic
micelles, the helix effect is attributed to the monomers. However, in the case of nonionic
amphiphiles, the conformational transition of B18 from random coitbelix structure
is a result of the interaction between the peptide and the micelle. Previous studies have
shown that B18 peptide adopts, in the presence of zwitterionic lipid vesicles, a helix struc-
ture connected by a flexible loop, similar to that described in trifluoroethanol [45, 122].
In addition, zinc ions were found to induce erhelical loop in the center of B18, which
may act as a nucleation site for further folding [46]. It is possible that B18, in the presence
of micelles, would be forced to bend due to their high degree of curvature, resulting in an
a-helix structure. However, the size of the nonionic micelles might not allow the peptide
to bend. This would explain the low helix content of the peptide induced by nonionic
micelles. B18 was found to insert in the zwitterionic membranes in a slightly oblique
orientation. The N-terminal helix of B18 was immersed into the bilayer, whereas the C-
terminal was peripherally aligned and bound at the bilayer surface [122]. Likewise, in the
case of nonionic micelles, B18 peptide may penetrate into the micelle core.

B18 might interact in a similar manner with anionic micelles. In this case due to the
presence of negative charges, a strong electrostatic interaction will occur between the
positively charged residues of B18 and the negatively charged surface of the micelle.
Thus the peptide would interact in a smaller extent with the hydrophobic chains of the
micelle when compared with the monomeric amphiphile. This might explain the decrease
in the helix content by increasing the SDS concentrations above the cmc. In the case of
perfluorinated micelles, the high hydrophobicity of the fluorinated chains likely allows
that hydrophobic interaction to compensate the contribution of electrostatic attraction.

5.3 Secondary Structure of Amyloid beta-Peptide in
Amphiphile Solutions

The interaction of amyloi@-peptide (1-40) with amphiphiles was studied at pH 7, with a
final peptide concentration of 46M. In aqueous buffer, the peptide is mainly in random
coil and B-sheet conformations, as determined by circular dichroism spectroscopy. The
secondary structure estimation using the method CONTIN/LL resulted in a content of 3%
a-helix, 34%p-sheet, 14¥%8-turn and 49% random coil.

It can be seen from Figure 5.7, curve 2, that at 1.7 mM of SDS, the spectrum of amyloid
B-peptide is characterized by a negative band at 217 nm and a positive band at 195 nm,
indicating the presence @-sheet structure. At higher concentrations of SDS (5.0, 16.8
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5.3 Secondary Structure of Amyloid beta-Peptide in Amphiphile Solutions

and 50.3 mM), the spectra exhibit characteristics of predominantiglix, with 2 neg-

ative bands, at 222 nm and 208 nm, and a positive band at 190 nm (Figure 5.7, curves 3
to 5). An isosbestic point between the spectrum of amyfbigeptide in aqueous buffer

and the spectra at higher SDS concentrations is observed at 202 nm, which is a strong
indication of an equilibrium between two states.
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Figure 5.7. Circular dichroism spectra of amyldiebeptide in aqueous solution containing SDS

at concentrations of 0 mM (curve 1), 1.7 mM (curve 2), 5.0 mM (curve 3), 16.8 mM (curve 4) and
50.3 mM (curve 5).

Quantitative analysis of the fraction of secondary structures showed substantial 45%
of B-sheet structure induced by 1.7 mM SDS, in contrast to 4%-bklix. At higher

concentrations of SDS the content ®fsheet decreased to 24% and the fractiomxef
helix structure increased to 33% (Table 5.6).

Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0 3 34 14 49
1.7 4 45 21 30
5.0 30 29 15 26
16.8 32 24 20 24
50.3 33 24 19 24

Table 5.6. Secondary structure estimation of amy[®igeptide in SDS solutions by the CON-
TIN/LL program (& 3%).

Amyloid B-peptide displayed in the presence of 1.8 mM of the perfluorinated am-

phiphile PFOA a spectrum analogous to the spectrum in aqueous buffer (Figure 5.8, curve
2), indicating that PFOA at this concentration has no significant effect on the peptide
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5 Interaction of Amphiphiles with Self-Assembled Peptides

structure. At a concentration of 5.4 mM of PFOA, the peptide exhibited a spectrum with a
small positive band at 195 nm and a small negative band at 216 nm indicating an increase
in the B-sheet or3-turn contents (Figure 5.8, curve 3). The contenfBedsheet ang3-

turn was estimated to be 38% and 21%, respectively (Table 5.7). This result is in the line
with the finding that amyloig3-peptide (1-42) adopts @-sheet structure in 10-32.5%

of trifluoroethanol [111]. In contrast, at concentrations above the cmc, the perfluorinated
amphiphile induced ata-helix conformation (Figure 5.8, curves 4 and 5).
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Figure 5.8. Circular dichroism spectra of amyl@iebeptide in aqueous solution containing PFOA
at concentrations of 0.0 mM (curve 1), 1.8 mM (curve 2), 5.4 mM (curve 3), 18.0 mM (curve 4)
and 54.0 mM (curve 5).

The content ofx-helix at concentration above the cmc was above 40%. fsbeet
structure decreased to 11% and the random coil fraction decreased to 27% (Table 5.7).
In this case the increase afhelix content is due to a decrease of both random coil and
B-sheet contents.

Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 34 14 49
1.8 3 27 15 55
5.4 6 38 21 35
18.0 43 3 31 23
54.0 42 11 20 27

Table 5.7. Secondary structure estimation of amyigeptide in PFOA solutions by the CON-
TIN/LL program ( 3%).

The cationic amphiphile CTAC, at low concentrations (0.3 mM), inducgtisheet
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5.3 Secondary Structure of Amyloid beta-Peptide in Amphiphile Solutions

structure on amyloi@-peptide (Figure 5.9, curve 2). Increasing the concentration of the
amphiphile monomers, resulted in a circular dichroism spectrum reminiscent of a mixture
of structures (Figure 5.9, curve 3). In the presence of cationic micelles the peptide dis-
played circular dichroism spectra characteristicsedielix structure (Figure 5.9, curves

4 and 5).
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Figure 5.9. Circular dichroism spectra of amyl@liepeptide in aqueous solution containing CTAC
at concentrations of 0.0 mM (curve 1), 0.3 mM (curve 2), 1.0 mM (curve 3), 3.3 mM (curve 4)
and 9.8 mM (curve 5).

The secondary structure estimation showed a content otxé8elix, 42% f-sheet,
22% B-turn and 30% of random coil at 0.3 mM of CTAC (Table 5.8). Above the cmc,
the a-helix content increased to 32%, whereas the fractiofi-sheet decreased to 18%
(Table 5.8). The content of random coil remained aproximately constant at all CTAC
concentrations.

Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 34 14 49
0.3 6 42 22 30
1.0 20 34 20 26
3.3 30 20 18 32
9.8 32 18 18 32

Table 5.8. Secondary structure estimation of amyfbideptide in CTAC solutions by the CON-
TIN/LL program & 3%).

Figure 5.10 shows the circular dichroism spectra of amyfbigeptide in aqueous so-
lution of octyl B-glucopyranoside. At concentrations below the cmc, the spectra showed
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5 Interaction of Amphiphiles with Self-Assembled Peptides

the same feature as in the absence of amphiphiles, indicating that monomers of non-
ionic amphiphile have no significant influence on amylBigheptide structure. However,

at concentrations above the cmc, the spectra showed a negative band at 216 nm and
sharp positive band at around 195 nm, characteristig-eheet conformation. Thg-

sheet structure might be twisted since the spectrum hasithdand near 195 nm much
stronger than thent band [74]. Further increase of nonionic micelle concentration re-
sulted in a small increase of the band intensities with a red shift. This might be due to
either an increase @-turn content (type Il has a spectrum similar to fhaheet shifted

to the red) or an increase of the number of strands. The position afsth@bsorption

band depends on the width of the sheet, strongly shifted to the blue in single or double
strand sheet, but shifting to longer wavelengths with increasing number of strands [74].
Since the shift is observed mainly for the positive band near 195 nm, it is most likely that
increasing the micelle concentration leads to an increase of the number of strands.

25

[61.10° (deg cm’dmol ™)

190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 5.10. Circular dichroism spectra of amyl@icpeptide in aqueous solution containing octyl
B-glucopyranoside at concentrations of 0.0 mM (curve 1), 4.0 mM (curve 2), 12.0 mM (curve 3),
40.0 mM (curve 4) and 120 mM (curve 5).

The B-sheet ang3-turn contents at concentrations above the cmc were estimated to
be around 50% and 20%, respectively (Table 5.9). The random coil content decreased to
23%.

Structure prediction studies of amylo@tpeptide indicate that the C-terminus, from
residue 28, has a high probability fBrsheet structure (Figure 5.11) [30]. This domain
shows as well a tendency to forerrhelix structure. The same is observed for the residues
9-21. Twop-turns are predicted between residues 5 and 8, and residues 23 and 27. As
a consequence the two domains, residues 17-21 and 28—-40, may adogpth®itkh and
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5.3 Secondary Structure of Amyloid beta-Peptide in Amphiphile Solutions

Conc. (mM) Helix (%) Strand (%) Turn (%) Unordered (%)

0.0 3 34 14 49
4.0 2 27 16 55
12.0 3 27 16 54
40.0 5 51 20 24
120.0 5 52 20 23

Table 5.9. Secondary structure estimation of amypideptide in octyl3-glucopyranoside solu-
tions by the CONTIN/LL program=« 3%).

B-sheet conformation depending on environmental effects.

In agueous solutions, the peptide aggregation is affected by the pH and hydrophobic
packing. At pH 4-7, the glutamic acid (E) and aspartic acid (D) residueg £pK.5)
are negatively charged (residues 1, 3, 7, 11, 22, 23), the lysine, arginige=({ik) and
histidine (H, pk, = 6.5) residues are positively charged (residues 5, 6, 13, 14, 16, 28),
stabilizing the aggregatdgtsheet by intermolecular ion-pairing interactions [69, 70,104].
In addition hydrophobic contacts developed by rearrangement of the peptide stabilize the
peptide aggregates [67, 68]. At pH 7, partial deprotonation of histidine residues may
occur. Regardless of this fact the peptide still forms aggregétstiucture. Only at pH
below 4, at which there are six positively charged residues, and above 10, at which there
are seven negatively charged residues, the ion-pairing formation is prevented, resulting in
random coil conformation.

a or B conformation high probability for § —sheet

(TN NE:19 10 11 1213 14 1516 17 18 19 20 21 prFxpLWLy Wy §28 29 30 31 32 33 34 35 36 37 38 39 40

B-turn central B-turn highly hydrophobic region
hydrophobic
cluster

Figure 5.11. Schematic representation of amyl@igeptide showing clusters of hydrophobic
residues and structure prediction which suggests regions with a high propengtglieet struc-
ture. Adapted from [30].

In solutions of ionic amphiphile monomers the structure of amypbideptide (1-40)
depends on the concentration of the amphiphile. SDS monomers ifidsiceet structure
at concentrations 4.7 times below the cmc, whereas at higher concentrations (1.6 times
below the cmc), am-helix structure is observed. A similar effect is observed for cationic
amphiphile monomers but at higher concentrations (1.4 times below the cn)takx
content is much lower. Perfluorinated monomers have a small effect on the peptide struc-
ture at low concentrations whereag @heet structure is induced at higher concentrations
(1.7 times below the cmc). Nonionic amphiphile monomers have no significant influence
on the peptide structure. The ionic amphiphiles used show longer hydrophobic chains
than the nonionic amphiphile (shorter chain length), and most likely the stabilization of
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5 Interaction of Amphiphiles with Self-Assembled Peptides

B-sheet structure by ionic monomers results from hydrophobic interactions. The fact that
ionic monomers can induae-helix structures at concentrations close to the cmc might be
due to the presence of pre-micellar aggregates or to a shift of the cmc of the amphiphile
caused by the peptide.

Above the cmc both cationic and anionic amphiphiles inducecdrelix structure on
amyloid 3-peptide, whereas the nonionic amphiphile inducfssheet structure. The-
helix inducing effect of charged micelles, in contrast to the stabilizatigd+stieet struc-
ture by nonionic micelles, is largely attributed to electrostatic interactions. The highly
charged environment around the micelle prevents the intermolecular ion pairing and fa-
vors the electrostatic interaction between the peptide and the micelle. Nuclear magnetic
resonance studies have shown that the p&lues of the residues E, D, H of amyloid
B-peptide (1-28) in SDS micelle solution were significantly higher by 1.1-1.6 units rel-
ative to the free amino acids in SDS or to the peptide #0[104]. A similar trend was
observed for residues E22 and D23 of amylBigheptide (1-40) in SDS solution [114].
This large increase was patrtially attributed to electrostatic contributions. In contrast, the
pKa values of amyloig3-peptide (1-28) residues in zwitterionic dodecylphosphocholine
micelle solution were nearly identical to the values obtained 4@ [P104]. Hence, the
pKa values of the peptide are assumed not to vary significantly in the presence gfoctyl
glucopyranoside micelles. In the case of nonionic micelles the intermolecular ion-pairing
are not prevented. Th@-sheet structure is likely induced through hydrogen bonds be-
tween the peptide and the micelle. A molecular interaction model between anfi¢loid
peptide and micelles is proposed in Figure 5.12.

W W
0 s + ;

Figure 5.12. Schematic model for amylgidpeptide (1-40) interactions with micelles. The
peptide interacts with nonionic micelles through hydrogen bonds, resultifigsimeet structure.
When the micelle exhibits a charged surface, electrostatic interactions between the peptide and the
micelle occur, resulting i-helix structure.

According to the calculated-helix content of amyloid3-peptide (1-40) in aqueous
charged micelle solutions, it is possible to estimate that in SDS and CTAC solutions 13
residues of the peptide constitute thehelix structure, whereas in PFOA solutions 17
residues are involved. This estimation is consistent with the predéctieelix structure
in solutions of charged micelles, considering that at pH 7 the helical domain of residues
15-24 can be less structured [110,113-115]. The structure of anBApa&ptide (1-40)
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5.4 Structure Stabilization by Amphiphiles

in SDS micelle solution was described to consist of two helical regions, residues 15—
24 and residues 28-36, separated by a looped region (residues 25-27) [114, 115]. The
helicity of the region 15—-24 was found to be selectively sensitive to pH. Above pH 6, part
of this helix was less structured. Likewise, the structure of the short fragment amyloid
B-peptide (1-28) in charged micelle solutions or trifluoroethanol solution was described
to be strongly dependent on the pH [113]. Two helical regions were observed at low pH
and at high pH for negatively and positively charged micelles, respectively, whereas at
pH 4-8, only one helical region was detected. Below pH 3, in 60% trifluoroethanol, the
peptide adopted a completehelix structure, while above pH 7, the first nine N-terminal
residues unfolded, leaving arthelix at residues 10-27 [110].

Penetration of amyloi-peptide (1-40) into the charged micelles is possible to occur.
The C-terminal part of the peptide is reported to possess fusion properties. Studies with
the short segment amylojgipeptide (25—-35) have shown that the C-terminal 32—-35 was
inserted in SDS micelles [112]. Moreover, amyl@iepeptide is reported to insert in lipid
membranes by its C-terminus [123, 124]. Higleehelix content was observed when the
peptide was incorporated into acidic lipids [124]. The hydrophobic domain appeared to
be completely buried between the lipid acyl chains, which was attributed to the surface
charge density of the membrane. In the case of neutral membranes only a partial burial
of the hydrophobic part of the peptide and a hjgisheet content were observed [124].
Likewise, insertion of amyloig-peptide (1-40) into nonionic octyl glucoside micelles is
expected to occur in very low extent or not occur at all.

5.4 Structure Stabilization by Amphiphiles

The effect of amphiphiles on the secondary structure of self-assembled peptides may have
two distinct implications. On one hand it is possible to extrapolatdarthatro studies

of the interaction of amphiphiles with peptides to thevzivo environment. SDS micelles
readily mimic biological membrane interfaces and the lipid part of lipoproteins [125,126].
Octyl glucoside molecules form micelles with a polar surface made up of glucose head
groups, which can mimic the glycoprotein or glycolipid covered regions of the membrane
surface.

The results reported in section 5.2 indicate that B18 exhibits a preferentialix
structure in ionic and nonionic micelle solutions, suggesting that the peptide at a concen-
tration of 96 uM and pH 7 may adopt a similar structure in the presence of ionic and
zwitterionic membranes. Hydrophobic interaction and electrostatic attraction between
charged residues (often positively) and negatively charged lipids are involved in most
peptide or protein/lipid binding processes [127,128]. This study strongly suggests that
primary hydrophobic interactions are essential for driving B18 to interact with membranes
and that electrostatic interaction may affect peptide insertion.
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5 Interaction of Amphiphiles with Self-Assembled Peptides

As described in section 5.3, amylogtpeptide (1-40) adopts a preferent@lhelix
structure in the presence of ionic micelles, wherefssheet structure is formed in non-
ionic micelle solution. This suggests that amyl@epeptide would adopt an-helix
structure upon interaction with a charged biological membrane gblzeet structure
when interacting with zwitterionic membranes. In this case the results suggest that elec-
trostatic attraction provided by ionic amphiphiles is essential for driving the amploid
peptide to the membrane surface, and subsequent hydrophobic interactions with the chain:s
may stabilize the peptide-membrane interaction and influence the insertion of the peptide.
In the case of nonionic micelles the absence of charges associated with the glucose heac
group are thought to be a barrier to a possible insertion of the peptide in the hydrophobic
core of the micelle, leading to an accumulation and aggregation of the peptide on the mi-
celle surface. The formation @f-sheet and subsequent aggregation of amyjepkptide
into fibrils may well occur at surfaces of membranes containing glycolipids.

Most importantly, the results presented in the previous sections demonstrate that macro-
molecules with positively and negatively charged surfaces stabilize-tinglix structure.
This structure is monomeric and stable, constituting an appropriate target for the design
of inhibitors of amyloid fibril formation. The most efficiemt-helix inducing charged
micelles were composed of perfluorinated chains and negatively charged head groups.
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6 Influence of Nano-Engineered

Particles on the Secondary Structure
of Self-Assembled Peptides

Fluorinated alcohols, such as trifluoroethanol, are able to cofvsheet intox-helix
conformation in amyloigB-peptide at physiological pH of 7.4 [129]. This effect, however,

is not observed for their hydrogenated analogues. Fluorinated alcohols are, however, not
biocompatible and therefore have no therapeutic relevanago.

Charged micelles were observed to inducéelix structure in B18 and amyloifi-
peptide and the higher helical content was attained with charged perfluorinated micelles,
as described in chapter 5. Based on these findings, polyelectrolyte-fluorosurfactant com-
plexes were prepared, since it is expected that combining highly charged polymers and
fluorinated compounds will enhance thehelix inducing effect [130]. It has been pre-
viously demonstrated that polyelectrolyte-fluorosurfactant complexes are able to dissolve
amyloid plaques in sections of animal tissue [131] and to corfyesiheet intoo-helix
structures [129]. These complexes were in a first approach tested on solid supports. In or-
der to increase the contact area between peptide molecules and complexes, nanoparticles
of these complexes were synthesized [130].

Polyelectrolyte-fluorosurfactant complexes can be, in principle, engineered with bio-
compatible properties [131]. Generally, perfluorinated hydrocarbons are considered to
be metabolically inert and non-toxic [132]. However, perfluorinated fatty acids, such as
perfluorooctanoic and perfluorodecanoic acids, were shown to be peroxisome prolifera-
tors which are known to be carcinogenic [133]. A causal link between an increase in the
oxidative stress by peroxisomes and tumor promotion has been proposed to explain the
hepatocarcinogenicity of these compounds. Additionally they were found to be involved
in down-regulation of gap junctional intercellular communication (exchange process of
small molecules and ions between cells through proteinaceous channels), which has also
been linked to the tumor promoting properties of many carcinogens [134]. Perfluorinated
fatty acids were not cytotoxic up to a dose of 40®1, but still they could alter the gap
junctional intercellular communication. These effects, however, seem to be dependent
on the chain length of the fluorinated tail and only perfluorinated fatty acids with 7-10
carbons inhibited this biological process [134].
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The polyelectrolyte-fluorosurfactant complexes were prepared with fluorinated chains
of 12 carbons. By preparing this type of nanoparticles it is expected that the concentration
of perfluorinated amphiphiles will be low enough to be in the range of non-toxic doses.

The influence of the nanoparticles on B18 and amy[igeptide was characterized
by circular dichroism spectroscopy. Both hydrogenated and fluorinated complexes were
used in order to discern their influence on the peptide structure.

6.1 Nanoparticle Characterization

Polyampholytes with alternating cationic N,N’-diallyl-N,N’-dimethylammonium chlo-
ride monomer and anionic maleamic acid)Br N-phenylmaleamic acid gPmonomers,

were synthesized with a degree of polymerization in the range of 60 to 80. The polyam-
pholytes were complexed with dodecanoic and perfluorododecanoic acid, in order to ob-
tain hydrogenated (PH) and fluorinated (PF) complexes, respectively. This results, in both
cases, in nanoparticles, so-called polyampholyte dressed micelles [130]. The chemical
structure of the nanoparticles is shown in Figure 6.1.
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Figure 6.1. Chemical structure of the complexes of polyampholytes with dodecanoic gdid (P
and BH) and perfluorododecanoic acidifPand BF).

In the following sections the principal methods and results of characterization of the
nanoparticles will be described.

6.1.1 Dynamic Light Scattering

Dynamic light scattering, also referred to as quasi-elastic light scattering, enables the de-
termination of particle size and size distribution in dispersion. The method is based on
the fluctuations in the intensity of light scattered by a small volume of a solution in the
microsecond time range which are directly related to the Brownian motion of the solute.
Submicrometer size particles in suspension exhibit significant random motion because of
collisions with the molecules of the surrounding liquid medium (Brownian motion). As a
result, when light irradiates a colloidal dispersion, the phases of the scattered waves fluc-
tuate randomly in time. The scattered light intensities from individual particles interfere
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6.1 Nanoparticle Characterization

with each other, and hence the net intensity of the scattered light fluctuates randomly in
time. The time dependence of the intensity fluctuations, calculated from the autocorre-
lation function of the scattered intensity, can be related to the diffusion coefficient of the
particles. For a monodisperse system, the normalized autocorrelation fumttors an
exponential decay,

gV (t') = exp(—Tt"), (6.1)
wheret’ is the decay time of the autocorrelation functibnis the decay constant, which
is related to the diffusion coefficiebt by

r
@7
whereqis the scattering wave vector, which depends on the wavelength of the light source,
A, the solvent refractive inder, and the angle of detectiof,

ant . 0
g= TSInE' (6.3)
The hydrodynamic averaged intensity radius of the partidRes, can be calculated

from the diffusion coefficienD, using the Stokes-Einstein relation

_ keT
= %7 (6.4)

wherekg is the Boltzmann constant, the absolute temperature ands the viscosity of
the medium. This relation is the basis of the particle size determination by dynamic light
scattering, but it is valid only for monodisperse particles.

For polydisperse particles, the normalized autocorrelation function is an integral of
exponentials,

D= (6.2)

gV t) = /O “E(T)exp(—rt)dr. (6.5)

Dynamic light scattering measurements of the nanoparticles were performed using a
fixed angle (173 ALV-NIBS high performance particle sizer. The size of the hydro-
genated and fluorinated nanoparticles were of the same order of magnitude. The mea-
surements revealed sizes of 31D.3 nm (RF) and 3.2+ 0.3 nm (RBF) for the fluorinated
complexes. The mean diameters of the hydrogenated particles spread over a broader
range, 2—4 nm for fH and approximately 3 nm foraM.

In contrast to their complexes, the dynamic light scattering data of the neat polyam-
pholytes indicated only scattering objects with hydrodynamic radii smaller than 1.5 nm.

6.1.2 Analytical Ultracentrifugation

Analytical ultracentrifugation is one of the most reliable experimental methods for the
determination of particle size distribution. The technique consists in monitoring the sedi-
mentation of particles in the centrifugal field. The application of a centrifugal force causes
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the depletion of particles at the meniscus and the formation of a concentration boundary
that moves toward the bottom of the centrifuge cell as a function of time. The definition of
the sedimentation coefficient of a partickeand the molecular parameters that determine
thes-value are given by the Svedberg equation

u M(1-vp) MD(1-vp)

ST o Naf RT (6.6)

whereu is the observed radial velocity of the particle,is the angular velocity of the
rotor, r is the radial positionw?r is the centrifugal fieldM is the molar massy is the
partial specific volumep is the density of the solveni is Avogadro’s numberf is the
frictional coefficientD is the diffusion coefficient, anBis the gas constant.

Analytical ultracentrifugation of the nanoparticles was carried out using a Beckman
Optima XL-I ultracentrifuge (Beckman Counter, Palo Alto, CA) at (250.2)°C and
50000 rpm (acceleration 18009 Detection of the particles was carried out by applying
UV-Vis absorption detection at a wavelength of 210 nm) (&d 240 nm (). They
were simultaneously detected with the Raleigh interference optics. The measured radial
concentration profiles were transformed into a sedimentation coefficient distribution by
using the equation
In(ri/rm)
ok (6.7)
wheres is the sedimentation coefficient of r is the radial distance to the center of
rotation with the indices = particle,m = meniscus and is the time. The particle-size

distribution was determined by
6= |08 (6.8)
pP1—p2

whered; is the diameter of the particie n the solvent viscosity ang the density with

the indices 1 for water and 2 for the particle. The sedimentation coefficient distribution
(equation (6.7)) is calculated for a constant velocity of the particles where the centrifugal
force acting on the patrticles is balanced by the frictional and buoyant forces. The validity
of this assumption was checked by equal spacings between the individual scans. Equation
(6.8) implies Stokes’ law meaning that the particles must be spherical. If this is not the
case, the diameter is that of an equivalent sphere.

Figure 6.2 shows the particle size distribution of the polyampholyte complexes as de-
termined by analytical ultracentrifugation. The fluorinated nanoparticles are nearly of the
same size and their size distributions are narrow. The mean diameters were quantified
by Gaussian fits to be 54 0.1 nm (RF) and 3.9+ 0.1 nm (BF). For hydrogenated
nanoparticles mean diameters of 22 0.1 nm (RH) and 3.9+ 0.1 nm (BH) were found.

The strong increase in the relative concentrations at diameters smaller than 1 nm is prob-
ably due to non-complexed polyampholyte chains and has not be taken into account for

S:
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fitting. No sedimenting objects with sizes significantly larger than 1 nm were present for
the neat polyampholytes. Thus aggregation of the neat polyampholytes can be ruled out.
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Figure 6.2. Particle size distributions of the polyampholyte complexes with dodecanoic (PH)
and perfluorododecanoic acid (PF) as determined by analytical ultracentrifugation. Dashed lines
correspond to the Gaussian fits. The concentrations were 1. gAdapted from [130].

The critical aggregation concentrations of the complexes depend on the polyampholyte
and are higher for the complexes with= hydrogen (R). The values were 1 g1? for P;F
and RH and 102 g L~ for P,F and BH. Above these values, the particles were proved
to be stable in a large range of concentrations in the sense that they were not aggregated
or dissolved at higher and lower concentrations, respectively. An example is shown for
the BF complex in Figure 6.3.
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Figure 6.3. Particle size distributions of the fluorinated complgxd concentrations of 0.02)
and 2 () g L as determined by analytical ultracentrifugation. Adapted from [130].

6.1.3 Zeta Potential

The zeta potential is related to the electric charge of a particle. The net charge density
on a patrticle in contact with an aqueous solution gives rise to an electrical double layer,
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comprised of a fixed layer which includes strongly adsorbed counterions at specific sites

on the surface and a outer, diffuse layer composed of counterions whose distribution is

determined by a balance of electrostatic forces and random thermal motion. In the pres-
ence of an applied electric field, each particle (and strongly adsorbed ions) moves with

respect to the medium. Between the two phases is a plane of shear, i.e. the hypothetical
boundary between the particle with its ion atmosphere and the surrounding medium. The

electric potential at the plane of shear is called zeta potential.

The zeta potentials of dispersed colloidal particles can be measured by electrophoresis.
The electric force causes the particle to move in relation to a stationary liquid at a constant
velocity. The ratio of the velocity to the electric fididis the electrophoretic mobilitye.
Electrophoretic mobilities of nanoparticles were measured using a Malvern Zetamaster.
The mobility was converted into zeta potentid),using the Smoluchowski equation

¢="1E, (6.9)
€
wheren is the viscosity of the solution ardis the permittivity of the solution.

Zeta potentials were highly negative for fluorinated complexes, with valueg4f+
5) mV for P;F and—(48+5) mV for P,F (Figure 6.4). The differences in the zeta poten-
tials of hydrogenated complexes were more pronounced. They displayed zeta potentials
of +(25+ 10) mV whenRis the hydrogen and (20+4) mV whenRis the phenyl group
(Figure 6.4). The reason for the positive value of zeta potential Bf iRight be amine
protonation.
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Nanoparticles

Figure 6.4. Zeta potentials of the polyampholytes complexes with dodecanoid gcahd per-
fluorododecanoic acidX). Adapted from [130].

6.1.4 Density

The density of the nanoparticles was determined with a density oscillator model DMA
60/602 (Anton Paar, Graz). The densities of the fluorinated complexes were drastically
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higher, 1.654 (FF) and 1.754 (BF) g cnT!, than those of the non-fluorinated, 1.256
(PiH) and 1.273 (pH) g cm L.

6.1.5 Small Angle X-Ray Scattering

X-ray diffraction in the small-angle mode is used for the characterization of colloidal sys-
tems with characteristic length scales that range from 1 nm to several hundred nanometers.
This technique measures the diffracted X-ray intensity in the range of 0.t0\Ben a

beam of monochromatic X-ray radiation is directed at a colloidal system, diffraction of
the X-rays at various angles with respect to the incident beam is observed. The scatter-
ing intensities are given as a function of the scattering vector which is defined here as
s=q/2r = (2/1)sin6, where# is the Bragg angle antl is the wavelength of the X-ray
radiation (1.543).

Radii of the nanoparticles were determined by small-angle X-ray scattering (HASY-
LAB at DESY, Hamburg, Germany). Dispersions of nanoparticles in water were trans-
ferred into glass capillaries with a diameter of 1 mm. The intensity measured was cor-
rected by the intensity from a capillary filled with Millipore water. The fluorinated
nanoparticles produce a strong scattering intensity (Figure 6.5 (a)) while the intensity of
the hydrogenated nanoparticles is low (not shown). This difference can be explained by
the different densities of the nanoparticles. Taking into account that the small-angle scat-
tering intensity is proportional to the square of the electron density difference between the
particles and their surroundings (water) the scattering intensity of the fluorinated particles
has to be expected one order of magnitude higher than its hydrogenated analogues. On the
basis of the present data only the scattering of the fluorinated nanoparticles can therefore
be evaluated. Figure 6.5 shows that the scattering intensity decreases proportiofial to
at high values o§, i. e. a Porod asymptote. Sharp phase boundaries are identified by the
presence of Porod’s law [135] which is given by

lim 273s* = 5, (6.10)
S—0 lp
wherel is the scattering intensityp is the average chord length, akds the invariant,
which is given by the expression

k=47r/0°°52|(s)ds (6.11)

The scattering intensity is experimentally available between a lower limiting value of
the scattering vectasy,i, and an upper valusnax In order to calculate the invariant as
precisely as possible the experimental limits were taken into account by approximations
of the region of high and low scattering vectors, which results in

4r

k:gnﬁmnl(sﬁn)ﬂn Smaxszl(s)dSJr lim [s*1(s)]. (6.12)

Smin SmaxS—®

85



Influence of Nano-Engineered Particles on Self-Assembled Peptides

The area under the straight lines in Figure 6.5 (c) corresponds to the first and third term in
equation (6.12) and sum up together to 30% of the invariant, which cannot be neglected.
The main source of error in the range of validity covered by Porod’s law is the scattering
due to density fluctuations and the widths of the domain boundary [136]. The value of
s*l(s), as shown in Figure 6.5 (b), was found to be constant for a scattering vector in
the range of 0.15 to 0.28 nmh. This proves that the structures of the nanoparticles are
consistent with Porod’s law. A broader transition or a statistical structuring of the domain
boundary, as typically observed in microphase-separated block-copolymers in the bulk
material can be excluded [137].
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Figure 6.5. (a) Small-angle X-ray scattering intensity of the fluorinated nanopatrticles (circles).
The straight line indicates the Porod asymptote. 3#hés) — splot in insert (b) shows the asymp-

totic behavior of the data (circles). The solid line represents the best fit according to Porod’s law
performed in the range 0.15-0.28 nfn The area under the curve in insert (c) represents the in-
variantk. Experimental values (circles) are only available between a lower limiting value of the
scattering vectosyin and an upper valug,ax Extrapolations (straight lines) belawyi, and above
SmaxWere carried out to calculate the invariant as precisely as possible.

Small deviations from a sharp boundary would indicate a significant deviation from
Porod’s law [136]. Therefore the phase boundaries of the nanoparticles are of the order of
1 to 2 atomic distances. Using equation (6.10), the average chord length was calculated
to be 2.7 nm. The radius of a spherical particle is then given-ag3/4)l, [137] and was
determined to be 2.0 nm for the nanopatrticles. This value is in agreement with the values
determined by analytical ultracentrifugation and dynamic light scattering measurements.
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6.1.6 Structure of Nanoparticles

The nanopatrticles are thought to consist of a hydrophobic core, which is formed by the
surfactant chains, and a hydrophilic shell, like a typical surfactant micelle. The low molec-
ular weight counterions of the micelle are replaced by the polyampholytes [130]. In the
case of the nanoparticles large molecules with approximately 60—80 binding sites stick on
the micelle surface instead of moving like the single charged ions. Zeta potentials indicate
that the particles are stabilized ionically.

Due to their small size they have specific surface areas of approximately F0§0'm
It can be expected that the high surface area would be useful in providing extensive inter-
actions with the peptides.

6.2 The Conformation of B18 Peptide in the Presence of
Nanoparticles

Circular dichroism measurements were performed to determine the secondary structure
of the B18 peptide after titration with different amounts of nanoparticles. Final particle
concentrations were 0, 2, 4 and 6 g'L The measurements were performed at pH 4 and
7, at (204 1)°C, with a final peptide concentration of @M.

The circular dichroism spectra of B18 in the presence of compleanid complex P
at pH 4 are shown in Figures 6.6 and 6.7, respectively. It can be seen from Figures 6.6
and 6.7, curve 1, that B18 displayed, in the absence of particles, the typical spectrum
of a random coil protein (minimum at 198 nm). The quantitative determination of the
secondary structure motifs, using CONTIN/LL, resulted in a content ob2Belix, 14%
B-sheet 8%3-turn and 76% random coil at pH 4. The titration of B18 with increasing
amounts of fluorinated nanoparticles at pH 4 induced a change from random ogil to
helix structure as shown in Figure 6.6 (a) and 6.7 (a) (curves 2 to 4).

Secondary structure estimation resulted in 23%, 46% and 52&shalix for 2, 4 and
6 g L~! of fluorinated complex fF, respectively (Table 6.1). The fluorinated complex
P,F induced amx-helix content of 29% (2 g t1), 44% (4 g ') and 51% (6 g LY).
The 3-sheet content decreased to 6—7% in the series, whereas the degree of random coil
decreased to 28% for both complexes (Table 6.1). It can be seen that an isosbestic point
is present at 203 nm (Figure 6.6 (a) and 6.7 (a)), which is a strong indication for an
equilibrium between two states.

The hydrogenated particles, in contrast to the fluorinated ones, did not indbhebx
rich structures at pH 4 (Figure 6.6 (b) and 6.7 (b)). The titration of B18 with hydrogenated
nanoparticles resulted in a decrease of the circular dichroism signal with increasing con-
centration of the nanoparticles (Figure 6.6 (b) and 6.7 (b), curves 2 to 4). This was accom-
panied by the occurrence of turbidity in the solution. The presence of an isosbestic point
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Figure 6.6. Circular dichroism spectra of B18 peptide at pH 4 in the presence of complex P
fluorinated (a) and hydrogenated (b): 0 g'l(curve 1), 2 g L1 (curve 2), 4 g -1 (curve 3) and
6 g L1 (curve 4).
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Figure 6.7. Circular dichroism spectra of B18 peptide at pH 4 in the presence of complex P
fluorinated (a) and hydrogenated (b): 0 g'l(curve 1), 2 g ! (curve 2), 4 g -1 (curve 3) and
6 g L1 (curve 4).
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6.2 The Conformation of B18 Peptide in the Presence of Nanoparticles

Complex Conc. (gL1) Helix (%) Strand (%) Tumn (%) Unordered (%)

- 0 2 14 8 76
PiF 2 23 18 18 41
4 46 9 15 30
6 52 6 14 28
P,F 2 29 18 23 30
4 44 10 15 31
6 51 7 14 28

Table 6.1. Percentage of secondary structure matif8%) of B18 in the presence of fluorinated
nanoparticles at different particle concentrations and pH 4 calculated by CONTIN/LL program.

at 210 nm indicates a two-state transition from random coil fysheet rich structure.

This suggests thgi-sheet structures are present in B18 for the higher particle concen-
tration (4 and 6 g 1), but due to the strong light scattering of the B18 aggregates the
distribution of structure motifs could not be calculated. A possible reason for the occur-
rence of aggregates in the case of the hydrogenated particles can be charge compensation
between the negatively charged nanoparticles and the positively charged B18.

The changes in the secondary structure of B18 at pH 7 after titration with nanoparticles
are shown in Figures 6.8 and 6.9. At pH 7, B18 peptide exhibited, in the absence of
particles, the characteristic spectrum of a random coil protein, similar to that observed at
pH 4 (Figures 6.8 and 6.9, curve 1). Quantitative determination of the secondary structure
indicated a content of 3%x-helix, 19% B-sheet, 9%3-turn and 69% random coil at
pH 7. Again a transition from random coil t®@-helix structure after titration with the
fluorinated nanopatrticles was observed, but the behavior was more complex. It can be seen
in Figure 6.8 that FF complex induced the maximum degreexshelix at a concentration
of 4g L. The a-helix content at this concentration was estimated to be 43%. The
random coil fraction decreased from 69% to 31% andfkgheet ang3-turn contents
were 11% and 15%, respectively. A further increase of the nanoparticle concentration did
not result in a higher content of-helix (Figure 6.8, curves 2 to 4).

In the presence ofF complex, the circular dichroism signal intensity of B18 was close
to zero at small nanoparticle concentrations (2'g)land a high turbidity in the solution
was observed (Figure 6.9 (a), curve 2). This was probably due to charge neutralization
between B18 and the particles. At higher nanoparticle concentrations the solutions were
transparent and the shapes of the circular dichroism curves were that of typiesiix
structure (curves 3 and 4 in Figure 6.9 (a)). These findings are in the line with results
reported earlier by Glaser et al., who showed that at pH 7 the titration of B18 with in-
creasing amounts of trifluoroethanol induced a change from random awihigix, but
an intermediate state appeared to exist at 10-20% of alcohol [46].
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Figure 6.8. Circular dichroism spectra of B18 peptide at pH 7 in the presence of complex P
fluorinated (a) and hydrogenated (b): 0 g'l(curve 1), 2 g ! (curve 2), 4 g L1 (curve 3) and

6 g L1 (curve 4).
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Figure 6.9. Circular dichroism spectra of B18 peptide at pH 7 in the presence of complex P
fluorinated (a) and hydrogenated (b): 0 g'l(curve 1), 2 g ! (curve 2), 4 g L1 (curve 3) and
6 g L1 (curve 4).

The content otx-helix was estimated to be 31% and 40% fgFRRomplex concentra-
tions of 4 and 6 g L2, respectively (Table 6.2).
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Conc. (gL 1) Helix (%) Strand (%) Turn (%) Unordered (%)

0 3 19 9 69
2 (a) (a) (& (&l

4 31 18 17 34
6 40 11 17 32

[ calculation was not possible due to precipitation

Table 6.2. Percentage of secondary structure matif8%6) of B18 in the presence of fluori-

nated nanoparticles,P at different particle concentrations and pH 7 calculated by CONTIN/LL
program.

The effect of BF at a concentration of 6 g1t on B18 peptide is similar to that observed
for PLF complex at 4 g ! (Figure 6.10). The particle/peptide ratio was estimated to be
0.6 for RF at 4 g L' and 2 for BF at 6 g L'1. The number of nanoparticles was
estimated assuming a spherical shape and a homogeneous density of each particle. The
total number of particles is given by the mass of the solution in 1 L divided by the mass
of a single particle, which is equal to the volun{d(3)xr3, wherer is the radius of the
particle) multiplied by the density. The results suggest that at pHF cBmplex is more
effective in inducingx-helix structure in B18 thanJ® complex.

40:- %
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;¢

0 L 1 L 1
a-helix B-sheet B-turn  random coil

Secondary Structure Content (%)

Figure 6.10. Percentage of the secondary structure elements of B18 in the presence of fluorinated
particles at pH 7: 4 g £ of P.F (0) and 6 g L of PoF (o).

Binder et al. reported that zinc ions indueehelix structure in B18 by specific com-
plexation with the histidine-rich sequence of B18 (HxxHH) [45]. In the absence of zinc,
the peptide is rapidly inactivated at pH7 or higher by aggregation inf®-sheet amyloid
fibrils. The fluorinated particles at a suitable concentration seem to have a similar effect
on B18 as zinc on-helix inducing solvents (trifluoroethanol).

The effect of hydrogenated nanoparticles on B18 peptide at pH 7 depends on the
polyampholyte (Figure 6.8 (b) and 6.9 (b)). The hydrogenated complexifduced
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a decrease in the circular dichroism signal of B18 at a concentration of 2,gridicat-
ing the presence of aggregates. At higher concentrationg-bé®mplex (4 and 6 g £1),
spectra characteristic af-helix structure were observed. Quantitative analysis of the
structure motifs resulted in am-helix content of 3%, 23% and 33% for 2, 4 and 6glL
P:H nanopatrticles, respectively. The degree of random coil decreased to 32%, whereas
the B-sheet content was 17%, similar to the value obtained for B18 in the absence of
nanopatrticles. The increase aithelix was more due to a reduction of the random coil
content (from 69% to 32%) than to the reduction of fwsheet content (from 19% to
17%). Further increasing the nanopatrticle concentration did not change the secondary
structure contents.

As opposed to fF, the hydrogenated complexHPis not able to decrease tifiesheet
content of B18 (Figure 6.11). The maximumshelix inducing effect of PH was observed
at a concentration of 6 g1* (particle/peptide ratio of 8), whereas that of the fluorinated
P.F complex was found at 4 g1* (particle/peptide ratio of 0.6), as shown in Figure 6.11.
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Figure 6.11. The relative percentage of the various secondary structural elements of B18 peptide
in the presence of complex Fuorinated (black bars) and hydrogenated (gray bars).

For the hydrogenated nanoparticlegiPat pH 7 the change of the circular dichroism
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signal was low at a particle concentration of 2 glbut changed greatly at the higher
concentrations (Figure 6.9 (b)). The titration of B18 solution with increasing amounts of
complex BH was accompanied by occurrence of significant precipitation. A calculation

of the secondary structure was therefore not possible. Nevertheless from the shape of
the spectra (curves 3 and 4 in Figure 6.9 (b)) B18 seemed to contain nfastiget and
random coil motifs at particle concentrations of 4 and 67¢.L

B18 peptide is fully charged at pH 4, at which it carries five positive charges. At this
pH, protonation of the carboxylic group of the polyampholytes is expected to occur, which
will destabilize the particles and may lead to aggregation. Most likely aggregation of B18
in the presence of hydrogenated nanopatrticles at pH 4 results from the destabilization of
the complexes. Since the perfluorododecanoic acid is a stronger acid than the dodecanoic
one, the fluorinated particles are more stable, and aggregation is not observed.

At pH 7, partial deprotonation of the histidine residues is expected to occur and the pep-
tide becomes less charged. At this pH all the complexes are stable [130]. The fluorinated
nanoparticles induce-helix structure in B18 peptide. The influence of the hydrogenated
nanoparticles depends on the polyampholyte. c&helix structure is induced by;H,
whereas aggregation @rsheet formation is observed fogtP. The zeta potential of M
complex is+25 mV, whereas that ofdP is about—20 mV, which indicates that the com-
plexes have opposite electric charge. The aggregation of B18 in the presentéaHrP
be explained by charge compensation between the peptide and the complex. This suggests
that the highly negative zeta potential of the fluorinated particles is an important parameter
to observe thex-helix inducing effect. Thus electrostatic interactions play a certain role in
the resulting secondary structure of B18. However, the fact g Which has a positive
zeta potential, is able to indueehelix indicates that B18 interacts with nanoparticles by
hydrophobic interactions.

6.3 The Conformation of Amyloid beta-Peptide in the
Presence of Nanoparticles

The secondary structure of the amyldgiepeptide (1-40) at pH 7 in the presence of dif-
ferent amounts of nanoparticles was characterized by circular dichroism spectroscopy at
(20 & 1)°C. Final particle concentrations were 0, 2, 4 and 87¢.LThe final peptide
concentration was 58M.

The amyloidfB-peptide (1-40) at pH 7, in the absence of particles, was mainly in ran-
dom coil andfB-sheet conformations. The secondary structure estimation resulted in a
content of 3%u-helix, 27%p-sheet, 14¥%8-turn and 56% random coil.

The circular dichroism spectra of amylgidpeptide (1-40) after titration withRrom-
plex are shown in Figure 6.12. It can be seen from Figure 6.12 (a), curves 2 to 4, that flu-
orinated nanopatrticles;P induced a change from random coilashelix structure. This
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two state process is supported by the observation of an isosbestic point at 203 nm. The
content ofa-helix was 8%, 16% and 31% after the addition of 2, 4 and Sbﬂuorinated
nanoparticles F, respectively (Figure 6.13 (a)). The random coil structure decreased to
27%, whereas the content Bfsheet angB-turn was approximately constant.

The hydrogenated particlesH, in contrast to the fluorinated nanoparticles, did not
induce a-helix rich structure on amyloi@-peptide (Figure 6.12 (b)). The titration of
amyloid B-peptide with hydrogenated nanoparticledHResulted in circular dichroism
spectra of typicaB-sheet protein (minimum at 215 nm). The fractiorBe$heet increased
from 27% to 37% and the random coil content decreased from 56% to 37% (Figure 6.13
(b)), suggesting a two state transition from random cop tsheet structure.
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Figure 6.12. Circular dichroism spectra of amyl@iebeptide at pH 7 in the presence of complex
Py fluorinated (a) and hydrogenated (b): 0 g'l(curve 1), 2 g L (curve 2), 4 g ! (curve 3)
and 8 g L1 (curve 4).

Figure 6.14 shows the circular dichroism spectra of amyipleptide (1-40) in the
presence of complex,P After addition of fluorinated particles,P the spectra were
reminiscent ofx-helix structure, particular at high complex concentration (8 g)las
observed in Figure 6.14 (a). In this case the increase-helix content was, however,
smaller (from 3% to 21%) than the increase observed after addition of 8 gflcomplex
P1F (from 3% to 31%). The random coil fraction decreased to 36% (Table 6.3).

The titration of amyloidB-peptide (1-40) with hydrogenated nanoparticlesl Pe-
sulted in a decrease of the circular dichroism signal with increasing concentration of the
nanopatrticles (Figure 6.14 (b)), suggesting the occurrence of aggregation. The presence
of peptide aggregates is known to reduce the circular dichroism signal intensity due to
light scattering and a shadowing effect [138].
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Figure 6.14. Circular dichroism spectra of amyl@iebeptide at pH 7 in the presence of complex
P, fluorinated (a) and hydrogenated (b): 0 g'l(curve 1), 2 g ! (curve 2), 4 g ! (curve 3)
and 8 g L1 (curve 4).
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Conc. (gL~ 1) Helix (%) Strand (%) Turn (%) Unordered (%)

0 3 27 14 56
2 4 29 15 52
4 8 33 21 38
8 21 24 19 36

Table 6.3. Percentage of secondary structure matif8%o) of amyloid 3-peptide in the pres-
ence of fluorinated nanoparticlegfPat different particle concentrations and pH 7 calculated by
CONTIN/LL program.

Fluorinated nanoparticles indueehelix rich structures in amyloi@-peptide (1-40)
at pH 7, whereas the hydrogenated ones leg#tsbeet formation and aggregation. Pre-
vious studies have shown that hydrophobic teflon particles, with a zeta potential of ap-
proximately—47 mV and size of 200 nm, are able to inducdielix structure in amyloid
B-peptide [95]. These studies are in agreement with the results presented here.

At pH 4.5-6.6, at which the peptide has six positively and six negatively charged
residues, the aggregat@dsheet structure is stabilized by intermolecular ion-pairing in-
teractions and hydrophobic interactions [67—70,104]. At pH 7 the side chains of glutamic
acid and aspatrtic acid (pk4.5) are deprotonated (COQresidues 1, 3, 7, 11, 22, 23),
the side chains of lysine and arginine are protonated -NHNH", residues 5, 16, 28)
and a partial deprotonation of histidine side chain {5) may occur (S3NF — 3N,
residues 6, 13, 14). It was previously demonstrated that thevpkies of glutamic acid,
aspartic acid and histidine were higher by about 1.5 units in the presence of negatively
charged micelles, which induee-helix structure in amyloig-peptide [104]. The highly
negatively charged environment around the micelle hindered the deprotonation of these
residues’ side chain. This implies that electrostatic attraction between the peptide and
negatively charged micelles occurs and favors the helical state of the peptide.

Fluorinated nanoparticles show high negative surface charges with zeta potential of
approximately—50 mV. This suggests that fluorinated nanoparticles may have a similar
effect on the pkK values of the peptide residues as highly negatively charged micelles,
resulting in favorable electrostatic attraction between the peptide and the particles. It is
possible that thex-helix structure results from electrostatic attraction provided by nega-
tively charged nanoparticles, which drive the peptide to the surface of the particle, and
hydrophobic interactions with the fluorinated chains that stabilize the peptide-particle
interaction, similar to the mechanism proposed for the interaction of the peptide with
micelles, described in section 5.3. The less pronourchelix inducing effect of fluori-
nated complex #F on amyloidB-peptide compared with complexPis likely explained
by the presence of the phenyl group on the polyampholyte of complextRtan be that
this group constitutes a barrier that prevents fluorine groups to reach the particle surface
or blocks a possible penetration of the peptide into the particle.

The hydrogenated nanoparticles in contrast have zeta potential@s0dnd—20 mV,
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depending on the polyampholyte structure. This suggests that the surface charge of the hy-
drogenated particles is relatively lower than that of the fluorinated ones. The hydrogenated
particles are not able to preventing the ion-pairing interaction between peptide molecules,
which will lead to -sheet formation and aggregation. In addition charge compensation
may be occurring between the peptide and the particles resulting in aggregation.

6.4 Structure Stabilization by Fluorinated Nanoparticles

The strong effect of fluorinated nanopatrticles on the secondary structure of the peptide
indicates that the particles have a dynamic structure where a part of the fluorinated chains
is in contact with the hydrophilic phase. Due to the stiffness of fluorinated chains, a
surfactant-block model similar to that proposed by Fromherz may be suitable to explain
the packing of perfluorododecanoic acid molecules [139]. In this model the orientation of
the surfactant molecules is parallel correlated, the width of a correlated surfactant block
equals the length of the hydrocarbon chain, which is in an extended conformation per-
turbed by few gauche-trans-gauche kinks, and the surfactant blocks are assembled with
the head groups separated as far as possible [139]. In the case of the nanoparticles,
a surfactant-block model of the perfluorododecanoic acid molecules surrounded by the
polyampholyte is proposed. Due to thermal fluctuations and the small size of the parti-
cles, some Cggroups are expected to be in contact with the hydrophilic phase. In this
sense the system differs qualitatively from one with the flexibles @kbups where the
hydrocarbons can be completely enveloped by the hydrophilic heads. A schematic repre-
sentation of the fluorinated nanoparticle interacting with amypigeptide is shown in
Figure 6.15. The peptide associates at the particle/water interface by electrostatic attrac-
tions and subsequent hydrophobic interactions with fluorinated groups resuihétix
structure.

Figure 6.15. Proposed mechanism for the interaction of fluorinated nanoparticles with amyloid
B-peptide. The structures are not scaled according to their relative sizes. The nanoparticle is
illustrated as a block assembly of surfactant chains as proposed by Fromherz [139], surrounded by
the polyampholyte chain. The black tips correspond to the head groups COO
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Influence of Nano-Engineered Particles on Self-Assembled Peptides

It has been demonstrated that fluorinated nanoparticles made of a polyampholyte-fluo-
rosurfactant complex induae-helix rich structures in B18 and amyloftpeptide (1-40),
whereas their hydrogenated analogues are less efficient leading in most cases to aggrege
tion or B-sheet formation. The interaction of fluorinated particles with B18 and amyloid
B-peptide suggests that for optimum response proper micelle engineering is required with
enough fluorine outside to affect the peptide structure and a suitable particle/peptide ratio
to avoid precipitation.

Fluorinated nanopatrticles are proposed to be potential candidates for the inhibition of
conformational changes of proteins that lead to amyloid fibril formation.
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7 Conclusions

Several human diseases are caused by protein misfolding and aggregation beyond the
influence of cellular quality-control systems. In these diseases, proteins seem to fold ef-
ficiently but they misfold in their destination environments, and aggregate as insoluble
amyloid fibrils. Accumulation of fibrils ultimately disrupts tissue structure and function.
This pathological process is observed in diseases such as Alzheimer’s and systemic amy-
loidosis.

The reasons for natively soluble proteins of distinct primary structure to undergo partial
unfolding and aberrant refolding to produce highly stable structures are not completely
clear. Supraphysiological protein concentrations, coupled with prolonged time and certain
biochemical conditions, may initialize the oligomerization process. The local protein
concentration may well increase as a result of mutations or surface interactions.

The mechanism by which misfolded proteins induce cellular injury is even more com-
plex to understand. In the case of Alzheimer’s disease, studies with transgenic mices
overexpressing mutant human amyloid precursor protein seem to point for a decrease
in presynaptic nerve terminal and neuronal cell bodies when concentrations of soluble
amyloid B-peptide are increasing. Hence the inhibition of abnormal conformational al-
terations and fibril formation seems to be a reasonable therapeutic strategy for protein
misfolding associated diseases.

In this thesis the behavior of the fibril-forming peptides B18 and amyfbjokeptide
(1-40) at surfaces and interfaces was characterized, as well as their conformation in the
presence of amphiphiles, in order to gain insights into the role of surfaces and mem-
brane mimicking systems in the peptide structure and aggregation. In addition nanoparti-
cles made of polyampholytes complexed with hydrogenated or perfluorinated surfactants
were prepared, aiming at the developmentxefelix inducing agents, hence aggregation
inhibitors. Their influence on the peptide structure was determined.

The adsorption of peptides on modified surfaces was studied by X-ray and neutron re-
flectometry and by atomic force microscopy. Exposure of an aqueous protein solution
to a solid surface typically results in excess accumulation of protein molecules at the
solid/liquid interface. This tendency for proteins to adsorb spontaneously may have im-
plications on fibril formation in amyloid associated diseases. The degree of adsorption
of B18 and amyloid3-peptide was determined at pH 7 on different surfaces: negatively
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Conclusions

and positively charged hydrophilic films, as well as hydrophobic polymers. B18 peptide
did not adsorb on hydrophilic positively charged surfaces, which was attributed to elec-
trostatic repulsion between the positively charged peptide and the surface. In contrast, the
peptide was found to adsorb on negatively charged surfaces and hydrophobic surfaces.
The peptide showed higher affinity for hydrophobic surfaces than for hydrophilic nega-
tively charged surfaces, which was determined by adsorption kinetic studies. B18 peptide
adsorbed irreversibly on hydrophobic surfaces after 20 minutes adsorption time, whereas
it required more than one hour to adsorb on negatively charged surfaces. The affinity for
hydrophobic surfaces must be caused by its seven leucine residues, which are highly hy-
drophobic. Atomic force microscopy provided the indication that lateral diffusion on the
surface affects the adsorption process of B18 on hydrophobic surfaces. The adsorption
of B18 on negatively charged surfaces was characterized by the formation of globular
clusters.

Amyloid B-peptide was found to adsorb on positively charged surfaces and hydropho-
bic surfaces but not on non-charged and negatively charged surfaces. This behavior was
attributed to the charge distribution and hydrophobic residues of the molecule. Amyloid
B-peptide has a net negative charge at pH 7, which favors the electrostatic attraction be-
tween the peptide and positively charged surfaces. The peptide adsorbed on the positively
charged film as compact patches with very low water content and a thicknesAoT BB
observation associated with the fact that the positively charged polymer indicetieet
structure in amyloid3-peptide suggests that the peptide adsorbefil-asands. On the
other hand there is no electrostatic attraction between the peptide and the non-charged sur
face. Moreover electrostatic repulsion might occur between the molecule and negatively
charged surfaces. The absence of adsorption on non-charged and negatively charged film:
suggests that electrostatic interactions are the driving forces for the adsorption of amyloid
B-peptide on hydrophilic surfaces. The adsorption on hydrophobic surfaces must result
from hydrophobic interactions since the peptide has two hydrophobic domains, residues
17-21 and 29-40. Again a very compact peptide layer was observed. The thickness of
the adsorbed peptide layer at two different hydrophobic surfaces was 12 #navhich
agrees well with the presence of one pleated sheet and two pleated sheets, respectively
It was additionally observed that amylofidpeptide undergoes a transition from random
coil to B-sheet structure when in contact with air, but no conformational alterations are
detected when the peptide is stored in negatively charged cuvettes hermetically sealed.
These results suggest that adsorption of amyfbigeptide results in conformational re-
arrangement that might lead ®sheet formation and aggregation. Understanding and
controlling the adsorption process may be importantifiovivo inhibition of amyloid
fibril formation.

The conformation of B18 and amyloj@é-peptide in the presence of amphiphiles (an-
ionic sodium dodecyl sulphate, anionic pentadecafluorooctanoic acid, cationic cetyltrime-
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thylammonium chloride, and nonionicQ@-n-octyl--D-glucopyranoside) at physiologi-
cal pH of 7 was characterized by circular dichroism spectroscopy.

B18 peptide was observed to adoptamelix structure in the presence of charged am-
phiphiles independently from the fact whether the amphiphiles formed micelles or not. At
pH 7, B18 carries only positive charges, indicating that hydrophobic interactions are the
major forces in determining the helical state of the peptide in charged amphiphile solu-
tions. The nonionic amphiphile has a large polar group and a short chain length, thus the
monomers had no significant influence on the peptide structure. In contrast, the nonionic
micelles induced a partiak-helix structure. In this case the conformational transition
seems to result from surface interaction and might be due to the micelle curvature that
forces the peptide to bend and to adopt a more favorable conformation.

Amyloid B-peptide showed a complex behavior when interacting with the monomers,
which is most probably related to the hydrophobic/hydrophilic part of the amphiphile.
Nevertheless it was observed tha#-@heet structure is formed in the presence of charged
monomers at certain concentrations. This is an indication that membrane diarwvage
might expose the lipid chains and lead to peptide aggregation. The peptide structural
changes in the presence of micelles were more consistent and some conclusions can be
drawn. Both cationic and anionic micelles inducedcashelix structure on amyloigB-
peptide, whereas the nonionic micelles inducgdsheet structure. In the case of amyloid
B-peptide the electrostatic contribution seems to be important for the helical stability,
whereas thg-sheet structure seems to result from hydrogen bonds between the peptide
and the micelle. The interaction effect of amphiphiles on amyloid peptides highlights the
complexity of conformational peptide changes in biological environments and requires
more detailed studies in order to better understand the precise reasons of misfolding.
Nevertheless the studies of amphiphiles interacting with peptides provided the important
conclusion that perfluorinated micelles are effectibelix inducing agents. A natural
consequence of this observation is to expect that combining highly charged polymers with
fluorinated compounds will enhance thehelix inducing effect.

It was previously demonstrated that polyelectrolyte-fluorosurfactant complexes dis-
solve amyloid plaques in sections of animal tissue and cofivsheet intox-helix struc-
tures. These complexes were tested on solid supports. In order to increase the contact
area between peptide molecules and complexes, nanopatrticles of these complexes were
synthesized. Polyampholytes with alternating cationic and anionic charged monomers
were synthesized with a degree of polymerization in the range of 60 to 80. Complexes of
the polyampholytes and dodecanoic and perfluorododecanoic acid, respectively, were pre-
pared. This resulted, in both cases, in nanoparticles with hydrodynamic diameters ranging
from 3 to 5 nm. The radii of gyration of the nanoparticles were 2 nm, confirming that the
particles are small. Accordingly they have high specific surface areas of approximately
1000 n? g~ 1. It can be expected that the high surface area would be useful in providing
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extensive interactions with the peptide. The nanoparticles displayed surface charges with
zeta potentials 050 mV when fluorinated and in the range-620 to +25 mV when
hydrogenated. They dissolved at concentrations lower than 0.02 dthat is, they are

not covalently cross-linked). The nanoparticles are thought to consist of a hydrophobic
core (formed by the surfactant chains) and a hydrophilic charged shell. Though, to induce
a change of a water soluble peptide, the fluorinated nanoparticles must have a dynamic
structure where a part of the fluorinated chains is in contact with the hydrophilic phase.

The fluorinated nanoparticles inducesdhelix rich structures in B18 and amylofé+
peptide, whereas their hydrogenated analogues were less efficient leading in most cases t
aggregation off-sheet formation, as determined by circular dichroism spectroscopy. The
stabilization of thex-helix structure of B18 by fluorinated particles is thought to result
from hydrophobic interactions. In the case of amylBigpeptide, electrostatic interactions
seem dominant in driving the peptide to the particle surface and subsequent hydrophobic
interactions with the fluorinated groups stabilize the peptide structure. Thus it is evident
that fluorinated groups conferred appropriate properties to the nanoparticles to induce
monomerica-helix structure.

The studies presented in this thesis provided information concerning peptide-surface
interactions that might be responsible for peptide aggregation and a possible strategy to
prevent amyloid fibril formation through the stabilization@fhelix structure by fluori-
nated micelles and nanoparticles.
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A Symbols and Abbreviations

AFM

o

cmc

@]
»
@]

—TOQe Mmooy

oTSs
PAH

Absorbance

Atomic force microscopy
Scattering length of atomic species
Absorption term

Concentration

Critical micellar concentration
Cetyltrimethylammonium chloride
Diffusion coefficient

Thickness

Dispersion term

Electric vector

Molar extinction coefficient
Volume fraction

Gibbs free energy

Decay constant

Enthalpy

Intensity of the reflected or transmitted radiation
Intensity of the incident radiation
Viscosity

Boltzmann’s constant

Wave vector

Average chord length

Wavelength

Electrophoretic mobility
Refractive index
1-O-n-octylf3-D-glucopyranoside
Avogadro’s constant
n-Octadecyltrichlorosilane
Poly(allylamine hydrochloride)
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Symbols and Abbreviations

PEI
PFOA
PF
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Poly(ethyleneimine)

Pentadecafluorooctanoic acid

Polyampholyte complexes with perfluorododecanoic acid
Polyampholyte complexes with dodecanoic acid
Poly(sodium 4-styrenesulfonate)

Scattering vector

Reflection coefficient

Reflectivity

Fresnel Reflectivity

Molar ellipticity

Density

Sedimentation coefficient

Entropy

Sodium dodecyl sulphate

Root mean square roughness

Molecular volume

Temperature

Centrifugal field

Zeta potential
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